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FIGURE 28
ADH®6 on 2-methylbutyraldehyde
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FIGURE 29
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FIGURE 32
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FIGURE 33
Site Site
286/292 3811392
KDCA/PDCT
Gene
Primer # Primer #
360/347 286/126
. Y Sl D Amplification #1
Primer # Primer #
285/125 363/346
;“f*%' ~~~~~~~~~~~~~~~~~~~ D Primer # Amplification #2
fmer 286/126
285/125 .
e Sl Yo e W e Amplification #3
Primer # Primer SEQ D NO
5 SEQ 1D NO:100
CTAGAACTAGTGGATCCCCCATGTATACTGTGGGGGA
285 TTATTTIGTTGGAT-3
5 SEQ 1D NO:101
ATATCGAATTCCTGCAGCCCTTATTTGTTTTGCTCAGC
2886 AAATAGTTTCCC-3
5. SEQ ID NO:102
TCAGAAAAATTGTAGCGAGGCACCAAAKNNTGAGGTCCC
363 TTGCTCTGCAACTATA-Z
380 8-atgttgggegicaagetgacggatNNKictacgagagetitcactcae-3 | SEQ 1D NO:103
125 5'-ctagaactaglggatccaccalglclgasatiactiigggtaaatatiig-3 SEQ D NO:104
126 5'-atalcgaaticcigeageccttaaaicgetiatigettag-3 SEQ ID NO:105
5 SEQ D NO:106
CAAAGTGETTTGGTTGATACCGAANNNGGBAGGTACC
346 GGTTTCAGCAATGA-3
347 5'-cigteggigettighigictoatNNNaacaccggtictiicicttactet-3’ SEQ 1D NO:107
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FIGURE 34
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FIGURE 35

Pdcip (S. c:erev:s:ae)
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FIGURE 36

Exchange Site #1
PDC1 KDCA(L..lac)

i

|

S.cer-L.lac PDC1-KDCA ES1
1650 bp

SEQ D NO:110

atgtctgaaattactitgggtaaatatitgticgaaagattaaageaagtcaacgttaacacegttticggtttgccag
gtgacticaactigicctiotigyacaagatctacgaagtigaagglalgagatgggetggtaacgceaacgaatt
gaacgctgettacgeegetgatggtiacgetegtatcaagggtatgicitgtatcatcaccaccticggigteggtga
attgtctgelattaacggaciggecgglagitatgeigaaaattigecagtagtigaaatagicggaageccaactt

ctaaaglgcaaaacgatggcaaaticgtgcatcataciciggeagatggtgattitaageacticatgaaaatgea
tgaaccegltaacggclgccagaacictttiaacagecgagaatgegacatatgaaatigategigtactitetcag

cititaaaggagagaaaaccigittacataaactiacctgtegatgtigetgetgecaaageagagaagecagec
clgtcictigaaaaagaaagceiccaccaccaacactaccgaacaagigatatiatctaaaatigaggaaltcactt
asaaacgclcagaasccagtagicatagegogicatgaagteataagtitcggictigaaaagacigtaacaca
atltglcagegaaacaaaatigectatcactactitgaactitggeaaaagtgegotegacgagtegtigecateat
tittgggtatctacaatggeaaactatcagaaalcicatigaaaaatticglagaaagtgeggatitcaticigalgtt

gggcegtcaagcetgacggatictictacgggggcetticacicaccatiiggatgaaaacaaaatgatitcatigaac

atcgatgaagggatcatctitaataaggtagiggaagatitcgatittagagcegtggtiicctecttatcagagttaa
aaggtattgagtacgaagggcagtatatigataageagtacgaggaatitattectictictgetecactiictcaag

atcgtitatggeaageagtcgagicectgacacaaageaacgagactatagtigeagageaagggacctealic
tttggtgectctacaattittctgaaatccaacageagatitataggacaaccectitggggetctatiggatatactttt
ceegeagecctiggticacaaatcgeagataaggagicaagacatctgitaticataggtgatggtagtctacaat
taacagticaagaatiaggectatcaataagggagaagtiaaacccaatcigtitcataattaacaatgacggeta
cactgtigaaagggagatccacggaccaacacaatcatacaalgataticecatgtggaactatagoaaattac
cggagactitoggegcaaccgaggatagaglagtiicgaagalegttaggacigagaatgaatiigitagegtiat
gaaggaagceccaggcetgalgicaatagaatgtatiggatigaatiagtiiiggaaaaggaagatgcacciaaatt

actaaaaaagalggggaaactatitgctgagcaaaacaaataa
“Highlighted regions is the PDC1 DNA, non-highiighted is KDCA DNA
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FIGURE 37

Exchange Site #2
PDCH . Eco R1(923) /KDCA

S.cer-L.lac PDC1-KDCA ES2
1701bp
SEQ D NO:111

atgictgaaattactttgggtaaatatitgttcgaaagattaaagecaagteaacgttaacaccgtttteggtttgceag
gtgacttcaacttgiccttgttggacaagatctacgaagt‘tgaaggtatgagatgggctgg taacgccaacgaatt
gaacgctgcttacgecegctgatggtiacgctegtatcaagggtatgictigtatcatcaccaccticggtgteggtga
attgtctgetttgaacggtattgecggticttacgctgaacacgteggtgtitigeacg tgtiggtgtcccatccatctct
gctecaagctaageaatigtigtigeaccacacctigggtaacggtgacticacigtiticcacagaalgictgecaa
catttctgaaaccactgctatgateactgacatigcetaccgceccagetgaaattgacagatgtatcagaaccact
tacgtcacccaaagaccagtctacttaggtitgecagetaactiggtcgacttgaacgtcecagetaagtigttgea
aactccaattgacatgictitgaagccaaacgatgetgaatccgaaaaggaagtcatigacaccatetiggetitg
gtcaaggatgctaagaacceagttatetiggetgatgettgttgttccagacacgacgtcaaggetgaaactaag
aagttgattgacttgactcaattcccagetitegtcaccecaatgggtaagggticcatigacgaacaacacceaa
gatacgolgglgtiia ’rmgtaccttgtccaagccagaagttaaggaagccgttgaatctgctgacttgattttgt
ctgteggtgctitgtigtetgatttcaacaceggtictiictcttactottacaagaccaagaacattgtcgaattceact
ccgaccacatgaagatcagaaacgeeactttccecaggtgtccaaatgaaaticgtittgcaaaagttgtigacca
ctattgctgacgeegetaagogtiacaagecagtigelgicaoggeagtatatigataageagtacgaggaatiiatt
cettctictgelecactiicteaagategtitalggeaageagicgagleccigacacaaageaacgagactatagt
tgcagageaagggaccicatictilggtgecictacaatliitcigaaalccasacageagatitataggacaaccee
tttggggcletatiggalatactiitcecocgeagecctigglicacaaatcgeagataaggagicaagacatetgttatt
cataggtyatggtagictacaattaacaglicaagaatiaggectatcaataagggagaagtiaaacecaalcely
tticataatiaacaatgacggetacacigtigaaagggagatccacggaccaacacaatcatacaatgatatice
catgtggaactatageaaatiaceggagactticggegeaaccgaggatagagtagtticgaagategttagga
clgagaatgaatitgttagegtiatgaaggaageccaggetgatgicaatagaatgtatiggatigaattagtttigg
aaaaggaagatgcacctaaaliactaaaaaagatggggaaaciatligclgagecaaaacaaacalcaccate

accatcactaa
*Highlighted regions is the PDC1 DNA, non-highlighted is KDCA DNA
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FIGURE 38

Exchange Site #3

PDC1 KDCA

S.cer-L.lac PDC1-KDCA ES3
1695 bp

SEQ ID NO:112

atgiclgaaattactitggglaaatatiigticygaaagatiaaageaagicaacytiaacaccgtiitcggtitgecag
gtgacticaactigtectigttggacaagalciacgaagtigaaggtatgagatgggetggtaacgecaacgaatt
gaacgctgcttacgecoctigatggtiacgcetegtatcaaggatatgtetigtateatcaccaccticggigteggtga
attgtctgctitgaacggtattgecggticttacgetgaacacgteggtatittgcacattgttggtgteecateeatetcet
gctcaagcetaageaattgtigttgcaccacacctigggtaacggtgacticacigliiccacagaatgteigecaa

catttctgaaaccacigctatg‘atcacigacattgctaccgcdccagcﬁtgaaattgacagatgtatcagaaccact
tacgtcacccaaagaccagtotacttaggtitgccagetaactiggtegacttgaacgtcccagcetaagtigttgea
aactccaattgacatgtetttgaagccaaacgatgetgaatccgaaaaggaagtcattgacaceatettggettty
gtcaaggatgctaagaacccagttatcitggctoatgctigitgticcagacacgacgtcaaggetgaaactaag

aagttgattgactigactcaaticccagctticgtcacecccaatgggtaagggticeatigacgaacaacacccaa
gatacggtggtgtitacgteggtacciigtccaagecagaagtiaaggaagecgttgaatetgctgacttgatitigt
ctgteggtgctitgtigtctgatitcaacaccggtictttctettactcttacaagaccaagaacattgtcgaaticcact

ccgaccacatgaagatcagaaacygccactiicccaggigiceaaatgaaaticgltttgcaaaagtigtigacca

ctatigclgacgecgetaagggtiacaagecagtigelgicecagctagaactccagetaacycttitaticetictic
tgctecacttictcaagategtitalggeaageagicgagicectgyacacaaageaacgagactatagiigeaga

gcaagggaccicatictitggigectcitacaatitticigaaatccaacagceagatitataggacaacccotitgggy
cletatiggatatacttticcegeagocctiggticacaaalcgeagataaggagtecaagacalctgtiaticataggt
gatggtagictacaatiaacagticaagaatiaggeciatcaataagggagaagtiaaacceaalctgiticataa
ttaacaatgacggctacacigiigaaagggagatccacggaccaacacaalcatacaalgataticcealglgy
aactatagcaaatiaccggagactilcggegeaaccgaggatagagtagiitcgaagategtiaggacigagaa
{gaatiigttagegtialgaaggaageccaggclgatgicaatagaalglatiggatigaaltagititggaaaagg

aagalgcacctaaatiactaaaaaagatggggaaactatiigelgageaaaacaaacatcaccalicacoatca
ctaa

*Highlighted regions is the PDC1 DNA, non-highlighted is KdcA DNA
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FIGURE 39

Fusion proteins between Lactococcus lactis KDCA and Pichia stipitis PDC 3-6 for
increasing the affinily for branched keto acids

KDCA-PDC 3/6 fusion 1 kdcA Gene
: Brimer Primer Primer
mi—r iR CHKF  HOR
R AL é.A g2 o
Amplification #1 Amplification #2
POC 3-6
KdchA Gene
R YU — e P e - Amplification #3
Primer - Primer
FKIF #KZR
KDCA-PDC 3/6 fusion 2
Pdc 3-6
. Primer Gene
Primer Primer Zf;;? #PIR
JERES ) #PIR TS ey e
Amplification Amplification
kdeA Gene
o e Amplification #3
' Primer
Primer
4 DAF #P2R
Primer # Sequence SEQIDNO
KiF 5-CTAGAACTAGTGGATCCCCCATGTATACAGTAGGAGATTACCTGTTAGAC | 113
F-TTACTCTTGTACAATCTGAACAAAATAGCGTCAACAACGTCTTCT 114
AATACTTCGACGCCAGAAGTGETCAATTGBATTTCTTCTAAAGAT
KIR AATGCAGGCTTOTCTGCTTT

5- ATGAGAATTTGCAGCCTGGTGATCTTTTGGTAATGGACACCATGTCATT 115
CTGCTTTGCTTTACCTGACATAATGCUTTCCAGAATTTATTCCATCAAGTG

K2F CTCCCTTATCA
K2R 5-ATATCGAATTCCTGCAGCCCCTATTITATTTTGCTCAGCAAATAATTTACC 116
PiF 5-CTACAACTAGTGGATCCCCCATGACCCCTGTGCAAGAAACAATACGCCTT 117

S-GGTTTITGGGCATTTTTCAAACTTTCTTCAATCTTACTCAAAATCACTTGT 118
TCAGTTGTATTTGTTGTAGAGCTTTCTTTAGAAGTGGTCAATTGGATTTCA

PR AGAGGTAA
5-ATTTTAGAGCAGTGGTTTCTTCTTTATCAGAATTAAAAGGAATAGAATAT 119
GAAGGACAATATATTGATAAGCAATATGAATACTATGGATCCATTGGCTA

P2F TGCATTGCCA

P2R §-ATATCGAATTCCTGCAGCCCCTATTTCTTGCAAAACATTTCGCTAAATCT 120
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FIGURE 40

KDCA-N  Psfi{511) PDC 3/6 /KDCA~C

KP1
1854 bp

SEQ ID NO: 121

tatcacaagaccgictatggeaggeagtigaaagitigactcaaageaatgaaacaategtigetgaacaaggaa
ceteatitttiggageticaacaatiticttaaaatcaaatagtegttttatiggacaacetttatggggttctatiggatat
actiticcageggetttaggaagecaaatigeggataaagagageagacacctitiatitatiggtgatggticactt
caactlaccgtacaagaattaggactatcaatcagagaaaaactcaatccaatitgttitatcataaataatgatggtt
atacagtigaaagagaaatecacggacctactcaaagtiataacgacaticeaatgtggaatiacicgaaattace
agaaacattiggagcaacagaagatcglgtagtaicaaaaatigtiagaacagagaatgaattigtgictgicatya
aagaageccaagceagalgicaatagaatgiatiggatagaactagtittiggaaaaagaagatgecgecaaaattac
tgaaaaaaatgggtaaattatttgctgageaaaataaatagatgtatacagtaggagattacctgttagaccgatta
cacgagtigggaatigaagaaatitttggagticctyggtgactataacttacaattitiagatcaaatiatiicacgega
agatatgaaalggatiggaaatgctaatgaatiaaatgeticttatatggetgatggttatgetegtactaaaaaaget
geogeatitcteaccacattiggagicggegaatigagtgegateaatggactggeaggaagtiatgecyaaaatt
taccagtagtagaaatigttggticaccaacticaaaagtacaaaalgacggaaaatttgtccateatacactagea
gatggtgattitaaacactitatgaagatgeatgaacctgttacageagegeggactitactgacageagaaaaty
ccacatatgaaattgaccgagtacttictcaattactaaaagaaagaaaaccagtctatatiaacttaccagicgaty
ttgctgeageaaaageagagaagectycattatetttagaagaaatecaatigaccactictggegicgaagtatta
gaagacgttgtigacgctatitigticagattiglacaagagtaagaacccategitgtiateggattgetigactacea
gattcaatcticaagacaagttgaatacactigtigotaaattaccticcaacticgtcaagitgitticgacaaacaly
getagaaacatagatgagtegeteagoaacttigtaggictitactitggeattggticticaageaaggaagtgtce
agacaatiggagagaaacaccgattictigatcaatitgggatactitaatgctgaaactacgactgetggttattee
aatgactictccaatatcgaggagtatatigaaatcaacccetgatiacatcaaggtcaatgaacacatcattaacatt
aaaaatccigagtctggaaagaggtigtictetatgagecagtigtiggatgceattacictitaaattagaccteaac
aagattgagaacataaacaacaataatattagotacaagticticccaccaactttatatgageaagacaacaalac
cgattacattccacaaacaaaactaglggactattigaatgagaatiigcagecetggtgatctiftggiaatggacac
catgteatictgetitgettiacctgacataatgeticcagaatttaticcatcaagtgeiceet
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FIGURE 41

KDCA

g Hirdl (1001)

; ; BamHI(i199) PDC 36 C
] |

!

|

PDC 3l N\

3 | Ned(i239) / EeoRI(1535)
A ' /

KP2
1656bp

SEQ 1D NO: 122

atgacccctgtgeaagaaacaatacgoecticcaggeacticticlecctacggticetgaaaacgteactitgg
gegagtateteticetcagaatetectecaggetaatccaaagtitgaggtecaictitggtaticetggegactica
atgtcgatitgliggaacactigtactciceagtigtcgetggaagagacataaagtttatiggetiatgtaacga
attgaatggtgectacactgcetgatggatactecagggecattggaggttigageacttitattictacattcggt
gitggtgaatigtcggecatiaacggaatcgotggategtitgotgagtiticicotgtgeticacattgtaggea
ccacctecttaccacaacgtgaccatgecatiaacggeagegacgitagaaaccaccaccactiaaticaaa
acaagaatcctitgtgtcagecaaateatgatgtctacaagaagatgatigaacctateteagtiaticaggaat
ctttagacagtgatitgcaaaggaacatgyaaaagattgatagagtitiggitaagattciccaggaatctaga
cotggatacciciitatcectigtgatattaccaacttaatagicccaagcetatagattatatgaaaccecattac
ctetigaaatccaattgaccactictaaagaaagetctacaacaaatacaactgaacaagtgatttigagtiaag
attgaagaaagtitigaaaaatgcccaaaaaccagtaglgatigecaggacacgaagtaattagitttggittaga
aaaaacggtaactcagtiigtiicagaaacaaaactaccgattacgacactaaatitiggtaaaagtgctytty
atgaatcttigeccicatttitaggaatatataacggygaaactticagaaatcagtcttaaaaatittgtggagice
geagactttatcctaatgetiggagtgaagetiacggacteetecaacaggigeaticacacatcatttagatga
aaataaaatgalticactaaacatagatgaaggaataattiicaataaagtggtagaagatitigatittagagcea
gtgotticticittatcagaattaaaaggaatagaatatgaaggacaatatatigataageaatatgaatactaty
gatcoattggetatgeattgecatecactitcggtgetaceatggeagtecaatgacctiggtagtgatagaaga
atcatcttaatigaaggtgatggggeageccagatgactatccaggaattgicticgticctcaaatacaagga
attttigecaaacatgectaagatottctigatcaataacgatggttacacigicgagagaatgattaagggace
aaccagatcatacaatgacatcaalggigaatggagttggacacaattgctigogtgtytitggagataasagag
caaaagtaccacictactgectigtigegeaatgtcaacgaaticaacaagtattttgaatticaaaggceagac
tgacaattctaagitggagticatigagttgatagecggeaaatacgatigtectcttagatttagegaaatgtitt
geaagaaatag
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METHYLBUTANOL AS AN ADVANCED
BIOFUEL

CROSS REFERENCE TO RELATED
APPLICATIONS

This applicationis a continuation application of U.S. appli-
cation Ser. No. 12/332,305 filed Dec. 10, 2008, now U.S. Pat.
No. 8,114,641; which claims the benefit under 35 USC §119
(e) to U.S. Application Ser. No. 61/012,749 filed Dec. 10,
2007. The disclosure of each of the prior applications is
considered part of and is incorporated by reference in the
disclosure of this application.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention describes genes, polypeptides and expres-
sion constructs therefor, metabolic pathways, microbial
strains and methods to biologically produce methylbutanol
and derivatives thereof for a variety of uses including as an
advanced biofuel.

2. Background Information

Some oxygenate fuels produced by fermentation, like etha-
nol, have lower energy density than gasoline and absorb
water, a property that prevents such fuels from being distrib-
uted with gasoline in existing pipelines. These fuels must be
transported separately by rail or trucks to “splash” blending
terminals, increasing the cost of blended fuels. Methylbu-
tanol (MBO) has higher energy content than ethanol and
because it does not absorb water, can be distributed on exist-
ing pipelines, avoiding additional transportation costs. Meth-
ylbutanol and its derivatives can be useful as a neat fuel or
blend stock for gasoline, diesel, kerosene and jet fuels. Its
relatively low volatility also minimizes environmental con-
tamination.

SUMMARY OF THE INVENTION

This invention describes genes, polypeptides and expres-
sion constructs therefor, metabolic pathways, microbial
strains and methods to biologically produce methylbutanol
and derivatives thereof for a variety of uses including as an
advanced biofuel. One embodiment of the invention relates to
a recombinant microorganism comprising at least one DNA
molecule, wherein said at least one DNA molecule encodes at
least three polypeptides that catalyze a substrate to product
conversion selected from the group consisting of: malate to
pyruvate, pyruvate to oxaloacetic acid, oxaloacetic acid to
L-aspartate, [-aspartate to L-aspartyl-4-phospate, [.-aspar-
tyl-4-phospate to L-aspartate-semialdehyde, L-aspartate-
semialdehyde to homoserine, homoserine to O-phospho-L-
homoserine, and O-phospho-IL.-homoserine to L-threonine;
and wherein said recombinant microorganism produces
2-methylbutanol.

In one embodiment, the at least three polypeptides are
selected from the group consisting of: a) a malate dehydro-
genase [EC 1.1.1.37], b) a pyruvate carboxylase [EC 6.4.1.1],
¢) an aspartate aminotransferase [EC 2.6.1.1], d) an aspartate
kinase [EC 2.7.2.4], e) an aspartic beta semi-aldehyde dehy-
drogenase [EC 1.2.1.11], f) ahomoserine dehydrogenase [EC
1.1.1.3], g) a homoserine kinase [EC 2.7.1.39], and h) a
threonine synthase [EC 4.2.99.2].

The polypeptides used with the invention can be derived
from a variety of sources, such as Picikia, Saccharomyces, or
Corynebacterium. For example, the malate dehydrogenase
may be a Picihia stipitis malate dehydrogenase MDH2 gene
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product, the pyruvate carboxylase can be a Picihia stipitis
pyruvate carboxylase PYC1 gene product, can be a Pichia
stipitis aspartate aminotransferase gene AAT2 gene product,
and the aspartate kinase can a Pichia stipitis aspartate kinase
HOM3 gene product. The invention encompasses the use of
enzymes, such as HOM3 that have been modified to become
resistant to feedback inhibition.

In another embodiment, the aspartate kinase is derived
from the genus Saccharomyces, for example, the aspartate
kinase can be a Saccharomyces cerevisiae aspartate kinase
HOM3 gene product, and further, it can be modified to
become resistant to feedback inhibition. The aspartic beta
semi-aldehyde dehydrogenase can be a Pichia stipitis aspar-
tic beta semi-aldehyde dehydrogenase HOM?2 gene product,
the homoserine dehydrogenase can be a Pichia stipitis
homoserine dehydrogenase HOME gene product, and the
homoserine kinase is a Pichia stipitis homoserine kinase
THR1 gene product. In still another embodiment, the
homoserine kinase can be derived from the genus Coryne-
bacterium, and the threonine synthase is a Pichia stipitis
threonine synthase THR4 gene product.

Another embodiment of the invention relates to a recom-
binant microorganism comprising at least one DNA mol-
ecule, wherein said at least one DNA molecule encodes at
least two polypeptides that catalyze a substrate to product
conversion selected from the group consisting of a) L-threo-
nine to 2-oxobutanate, b) 2-oxobutanate to 2-aceto-hydroxy-
butyrate, ¢) 2-aceto-hydroxy-butyrate to 2,3-dihydroxy-3-
methylvalerate, and d) 2,3-dihydroxy-3-methylvalerate to
2-keto-3-methylvalerate; and wherein said recombinant
microorganism produces 2-methylbutanol.

In a preferred embodiment, the at least two polypeptides
are selected from the group consisting of: a threonine deami-
nase or a threonine dehydratase [EC 4.3.1.19], an acetolactate
synthase [EC 2.2.1.6], or a subunit thereof, a ketol-acid
reductoisomerase or an acetohydroxyacid reductoisomerase
[EC 1.1.1.86], and a dihydroxyacid dehydratase [EC 4.2.1.9].
In one aspect of the invention, the polypeptides are directed to
the in the cytoplasm of the recombinant microorganism.

The polypeptides used with the invention can be derived
from a variety of sources, such as Picihia, Escherichia, Sac-
charomyces, or Corynebacterium.

For example, the threonine deaminase can be a Pichia
stipitis threonine deaminase ILV1 gene product, it can also be
a Pichia stipitis threonine deaminase ILV1 gene product that
has been modified to become resistant to feedback inhibition,
or modified to optimize cytoplasmic expression. In one
embodiment, the threonine deaminase can be derived from
the genus Saccharomyces, such as a Saccharomyces cerevi-
siae ILV1 gene product that has been modified to become
resistant to feedback inhibition. In other embodiments, the
threonine deaminase can be derived from the genus Escheri-
chia or Corynebacterium.

In one aspect of the invention, the acetolactate synthase or
an acetolactate synthase subunit is derived from the genus
Pichia. For example, the acetolactate synthase can be a Pichia
stipitis acetolactate synthase IL.V2 gene product, or a Pichia
stipitis acetolactate synthase ILV2 gene product that has been
modified to optimize cytoplasmic expression. In another
embodiment, the acetolactate synthase is a Pichia stipitis
acetolactate synthase ILV6 gene product. In another embodi-
ment, the acetolactate synthase or an acetolactate synthase
subunit is derived from the genus Escherichia or Corynebac-
terium.

In another embodiment of the invention, the ketol-acid
reductoisomerase can be derived from the genus Pichia,
Escherichia, or Corynebacterium. For example, the Pichia
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stipitis ketol-acid reductoisomerase ILV5 gene product or an
ILVS gene product that has been modified to optimize cyto-
plasmic expression.

In another embodiment of the invention, the dihydroxyacid
dehydratase derived from the genus Pichia, Escherichia, or
Corynebacterium, such as a dihyroxyacid dehydratase is a
Pichia stipitis dihydroxyacid dehydratase ILV3 gene product
or an IL.V3 gene product that has been modified to optimize
cytoplasmic expression.

Another embodiment of the invention relates to a recom-
binant microorganism comprising at least one DNA mol-
ecule, wherein said at least one DNA molecule encodes (i) a
polypeptide that catalyzes a 2-keto-3-methyl-valerate to
2-methylbutanal conversion, and (ii) a polypeptide that cata-
lyzes a 2-methylbutanal to 2-methylbutanol conversion; and
wherein said recombinant microorganism produces 2-meth-
ylbutanol. In one aspect, the at least one DNA molecule
encodes a pyruvate decarboxylase or a pyruvate decarboxy-
lase isoform derived from the genus Pichia. For example, the
pyruvate decarboxylase can be a Pichia stipitis pyruvate
decarboxylase PDC3-6 gene product. In another aspect, the
alpha-ketoacid decarboxylase derived from the genus Myco-
bacterium, the genus Lactococcus. In one embodiment, the
alcohol dehydrogenase is derived from the genus Saccharo-
myces, or the genus Pichia. For example, the alcohol dehy-
drogenase can be a Saccharomyces cerevisiae alcohol dehy-
drogenase ADH6 gene product. In another embodiment, the
methylglyoxal reductase derived from the genus Pichia or the
genus Saccharomyces.

Another embodiment of the invention relates to a recom-
binant microorganism comprising at least one DNA mol-
ecule, wherein said at least one DNA molecule encodes at
least two polypeptides that catalyze a substrate to product
conversion selected from the group consisting of: pyruvate to
citramalate, citramalate to erythro-beta-methyl-D-malate,
and erythro-beta-methyl-D-malate to 2-oxobutanoate; and
wherein said recombinant microorganism produces 2-meth-
ylbutanol. The polypeptides can be selected from the group
consisting of: a 2-isopropylmalate synthase [EC 2.3.3.13], a
citramalate synthase [EC 4.1.3.22], an isopropylmalate
isomerase [EC 4.2.1.33], and an isopropylmalate dehydroge-
nase [EC 1.1.1.85].

The polypeptides can be derived from a number of sources,
for example, in one embodiment, the 2-isopropylmalate syn-
thase derived from the genus 7Thermatoga or the genus Syn-
echocystis. In one embodiment, the polypeptide is derived
from a Thermotoga maritima 2-isopropylmalate synthase
leuA gene product. In another embodiment, the citramalate
synthase can be derived from the genus Geobacter and the
isopropymalate isomerase can be derived from the genus
Methanococcus, for example the isopropylmalate isomerase
can be a Methanococcus jammnaschii isopropylmalate
isomerase leuC gene product and/or leuD gene product. The
isopropymalate dehydrogenase can be derived from the genus
Methanococcus, such as the Methanococcus jannaschii iso-
propylmalate dehydrogenase leuB gene product.

Various embodiments of the invention also contemplate a
nucleic acid encoding an amino acid biosynthesis regulatory
protein, such as a regulatory protein derived from the genus
Saccharomyces. In one embodiment, the regulatory protein
can be a Saccharomyces cerevisiae GCN4 gene product.

Another aspect of the invention relates to methods for
producing compounds. For example, one embodiment of the
invention relates to a recombinant method for producing
2-methylbutanol, comprising: providing a culture medium,
wherein the culture medium comprises a carbon source; con-
tacting said culture medium with the recombinant microor-
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ganism of the invention, wherein the recombinant microor-
ganism produces spent culture medium from the culture
medium by metabolizing the carbon source to 2-methylbu-
tanol; and recovering said 2-methylbutanol from the spent
culture medium. In one embodiment, the 2-methylbutanol in
the culture medium is produced at the rate of at least 1500
UM/ODg,/h at 16 h EFT. In another embodiment of the
method, the recovering step comprises extracting 2-meth-
ylbutanol using liquid-liquid extraction, wherein a solvent is
used to continuously extract at least 2-methylbutanol from the
spent culture medium. Examples of solvents include diiso-
propyl ether, heptane or isooctane. In certain embodiments
the solvent is diisopropyl ether; and at least 90% of 2-meth-
ylbutanol is extracted from the spent culture medium.

In other embodiments of the invention, the 2-methylbu-
tanol is converted to bis(2-methyl)butyl ether or 3,3,5-trim-
ethylheptane. In some embodiments, the conversion step of
converting 2-methylbutanol to bis(2-methyl)butyl ether com-
prises treating the 2-methylbutanol with an acid resulting in
the formation of bis(2-methyl)butyl ether. An example of a
suitable acid is trifluoromethanesulfonic acid. In another
embodiment of the invention, the conversion step of convert-
ing 2-methylbutanol to bis(2-methyl)butyl ether comprises:
refluxing a solution comprising 2-methylbutanol and a cata-
Iytic amount of acid; removal of water generated from the
solution; and neutralizing the solution and isolating the ether
product.

Examples of products produced include: a compound of
formula L, 11, 11, IV, V or any combination thereof:

o
\)\/O\/W/'

an

(I

av)
(6]

}/O\’/\

In other embodiments of the invention, the conversion step
of converting 2-methylbutanol is to 3,3,5-trimethylheptane
comprises: treating 2-methylbutanol with an acid to form
2-methylbutene; hydrogenating 2-methylbutene to form
2-methylbutane; and combining 2-methylbutane with 2-me-

thylbutene inthe presence of acid to form 3,3,5-trimethylhep-
tane.

V)

The disclosed invention also relates to a number of com-
positions produced from biological sources. Preferred
embodiments include a composition comprising a compound
of the formula I and/or II:
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\)\/OH,
w/\/OH;

wherein the compound comprises a fraction of modern
carbon (f,, 1*C) of at least about 1.003.

In another embodiment, the composition comprising a
compound of the formula L, I, III, IV and/or V:

Ao
\)\/O\/\(;

/\{/O\k\

wherein the compound comprises a fraction of modern
carbon (f,, 1*C) of at least about 1.003.

Embodiments of the invention also include fuel composi-
tions comprising a compound discussed above. Embodi-
ments of these fuel compositions can further comprises a
petroleum-based fuel, such as gasoline, diesel, jet fuel, kero-
sene, heating oil, and any combinations thereof. Embodi-
ments of the fuel composition can further comprises another
biofuel. In another embodiment, the compounds of the inven-
tion can make up approximately 100% of the composition, or
less, such as 1-99% of the weight of the composition or, in
another embodiment, 1-99% of the volume of the composi-
tion. In another embodiment, the composition can be a fuel
additive or it can comprise a fuel additive.

an

@

an

(1)

av)

V)

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a metabolic pathway for the preparation of
2-methyl-1-butanol. Each enzymatic step of the pathway is
provided a letter designation, which corresponds to polypep-
tides with the following enzymatic activities: a) malate dehy-
drogenase; b) pyruvate carboxylase; ¢) aspartate aminotrans-
ferase; d) aspartate kinase; e) aspartic beta semi-aldehyde
dehydrogenase; f) homoserine dehydrogenase; g)
homoserine kinase; h) threonine synthase; i) threonine
deaminase or threonine dehydratase; j) acetolactate synthase;
k) ketol-acid reductoisomerase or acetohydroxyacid reduc-
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toisomerase; 1) dihydroxy-acid dehydratase; m) pyruvate
decarboxylase; and n) alcohol dehydrogenase.

FIG. 2 describes an alternative pathway for converting
pyruvate to methylbutanol, wherein steps j) to m) correspond
to FIG. 1. Each enzymatic step of the pathway is provided a
letter designation, which corresponds to polypeptides with
the following enzymatic activities: a') isopropylmalate syn-
thase or citramalate synthase; b') isopropylmalate isomerase;
and ¢') isopropylmalate dehydrogenase.

FIG. 3 depicts a metabolic pathway for the preparation of
2-methyl-1-butanol starting from amino acids and other sub-
strates, including leucine, valine, isoleucine, 2-methyl
butyric acid, 2,3-dihydroxy-3-methyl valeric acid, isoleu-
cine, 2-ketoisovaleric acid, or 2-methylbutyryl CoA. Each
enzymatic step of the pathway is provided a letter designa-
tion, which corresponds to polypeptides with the following
enzymatic activities: o) or t) valine-isoleucine aminotrans-
ferase; u) 2-methylbutyrate decarboxylase; v) dihydroxyacid
dehydratase; d) 2-oxo-acid decarboxylase; ) 2-keto-3-meth-
ylvalerate decarboxylase; f) alcohol dehydrogenase; and g)
branched chain-alpha-ketoacid dehydrogenase complex.

FIG. 4 depicts a pathway for the preparation of 3-methyl-
1-butanol starting from isovaleryl CoA, leucine, or 2-isopro-
pyl-3-oxosuccinic acid. Each enzymatic step of the pathway
is provided a letter designation, which corresponds to
polypeptides with the following enzymatic activities: n)
ketoisovalerate dehydrogenase complex; o) branched-chain
amino acid transaminase; p) leucine aminotransferase; q)
leucine dehydrogenase; r) 2-ketoisocaproaste decarboxylase;
s) 3-methyl-1-butanal reductase; and t) alcohol dehydroge-
nase.

FIG. 5. Representation of a eukaryotic cell, highlighting
the route from glucose to 2-methylbutanol (2-MBO). The
pathway is similar in prokaryotes with the exception that the
isoleucine pathway is not confined to the mitochondria.

FIG. 6. Amino acid analysis of MDH2 (7432), THR1
(7239) and PCK1 (8110) expressed from p415TEF in strain
7123 (ATCC 200869 (MAT o ade2A::hisG his3A200 leu2A0
lys2A0 met15A0 trplA63 ura3A0). Strain 7196 (7123 con-
taining empty p415TEF) was included as a control. Signifi-
cant differences in L-threonine content were observed in cul-
tures expressing MDH2 and PCK1 only. Amino acid values
are expressed as a percentage of individual amino acids in the
total amino acid content of the cells.

FIG. 7 shows a bar graph of an amino acid analysis of
HOM3 (7245) and HOM3-R2 (7242) expressed from
p416TEF in strain 7123. Strain 7123 with empty p416TEF
(7209) was included as a control. Significantly lower [-threo-
nine content was observed in cultures expressing HOM3-R2,
whereas no significant difference was observed for wild-type
HOM3 and the background strain 7209. Amino acid values
are expressed as a percentage of individual amino acids in the
total amino acid content of the cells.

FIG. 8 shows a bar graph of an amino acid analysis of S.
cerevisiae HOM3 and HOM3-R2 expressed from p416TEF
or p416CYC in strain 7790 (BY4741 AHOM3::KanMX).
Strains are p416TEF-HOM3 (7718), p416TEF-HOM3-R2
(7819), p416CYC-HOM3 (7809) and p416CYC-HOM3-R2
(7805). Cultures were grown overnight in a defined medium
lacking threonine and isoleucine to select for HOM3 expres-
sion. Significantly higher [-threonine content was observed
in cultures expressing HOM3-R2 from the CYC promoter as
compared to the TEF promoter. A significant increase in
L-threonine content was also observed when wild-type
HOM3 was expressed from TEF as compared to the CYC
promoter. The total L-threonine content of the cells in the
CYC expressed HOM3-R2 culture reached 30% (wt/wt).
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Amino acid values are expressed as a percentage of individual
amino acids in the total amino acid content of the cells.

FIG. 9 shows a bar graph of an amino acid analysis of S.
cerevisiae strains; 8113 (AHOM?2) with p416TEF, 8114
p416TEF-PsHOM?2, and 7717 p416TEF-ScHOM?2.

FIG. 10 shows a bar graph of an amino acid analysis of S.
cerevisiae strains 8111 (AHOMG6) with p415TEF, 8112
p415TEF-PsHOMS, and 7716 p415TEF-ScHOMSG.

FIG. 11 shows a bar graph of an amino acid analysis of S.
cerevisiae strains 8115 (ATHR1) with p415TEF, 8116
p415TEF-PsTHR1, and 7715 p415TEF-ScTHR1.

FIG. 12 shows a bar graph of an amino acid composition in
BY4741 parental strain and KanMX deletions of L-threonine
pathway enzymes in that background. Strains are as follows:
7576=(AAAT1), 7577=(AAAT2), 8177=(AMDHI) and
7575=(AMDH2). Levels of amino acids were not signifi-
cantly different for any strain other than AAAT2, which pro-
duced no detectable threonine and significantly higher levels
of lysine, glutamate/glutamine and arginine. Amino acid val-
ues are expressed as a percentage of individual amino acids in
the total amino acid content of the cells.

FIG. 13 shows a bar graph of an amino acid analysis of P,
stipitis HOM3 (8037) and HOM3-R2 (8038) expressed from
p416TEF in strain 7790 (BY4741 AHOM3::KanMX). Cells
were grown in defined medium lacking threonine and isoleu-
cine for approximately 24 hrs and extracted as previously
stated. Levels of L-threonine were significantly higher in the
HOM3-R2 variant, and approached 35% of the total amino
acid content of the cells. Although no direct comparison was
made, in 7790 the S. cerevisiae HOM3-R2 variant expressed
from CYC promoter achieved 30% threonine content com-
pared to 35% for the P. stipitis HOM3-R2 mutant expressed
from TEF. The wild-type HOM3 from P. stipitis was also
found to produce more threonine than wild-type HOM3 from
S. cerevisiae (15% vs. 10%) in strain 7790. Amino acid values
are expressed as a percentage of individual amino acids in the
total amino acid content of the cells.

FIG. 14 shows a bar graph of an amino acid analysis of
HOM3 (7718) and HOM3-R7 (8118) expressed from
p416TEF in strain 7790 (BY4741 AHOM3::KanMX). Cul-
tures were grown for 48 hrs in a defined medium lacking
threonine and isoleucine to select for HOM3 complementa-
tion. The slow growth of the cells expressing the R7 mutation
necessitated the extra 24 hrs of growth compared to cultures
expressing the R2 mutation. Significantly higher [-threonine
content was observed in cultures expressing HOM3-R7 from
the TEF promoter compared to the native HOM3. The total
L-threonine content of the cells in the TEF expressed HOM3-
R7 culture reached 28% (wt/wt). Amino acid values are
expressed as a percentage of individual amino acids in the
total amino acid content of the cells.

FIG. 15 shows a bar graph of an amino acid analysis of
co-expression of AAT1 (7957), AAT2 (7961), MDH1 (7958),
MDH2 (7962) and PCK (7959) together with HOM3-R2.
Strain 7960 contained an empty p415TEF plasmid as a con-
trol. All enzymes were expressed from p415TEF, with the
exception of HOM3-R2, which was expressed from
p416CYC. Constructs were made in strain 7768 (BY4741
ILV1:: TEF-Ilv1l-tbr). Cultures were grown for 24 hrs in a
defined medium lacking threonine and isoleucine and cells
were prepared for amino acid analysis as described previ-
ously. Levels of amino acids were similar, and threonine
content was significantly lower than that found in strains
containing a wild-type ILV1, indicating that threonine is lim-
iting in 2-MBO production. In cells expressing AAT2 and
MDH2, higher levels of homoserine were observed, consis-
tent with what was observed when HOM3-R2 was expressed
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by itself. Specifically, the 7% homoserine content found in the
culture expressing MDH2 with HOM3-R2 was the highest
seen in any culture tested, indicating THR1 limitation and
potentially higher flux through the Asp/Thr pathway than
HOM3-R2 alone. Also of note is the significantly higher
alanine content when PCK is expressed with HOM3-R2,
potentially indicating an increase in pyruvate concentration,
leading to increased alanine. Amino acid values are expressed
as a percentage of individual amino acids in the total amino
acid content of the cells.

FIG. 16 shows a bar graph of an amino acid analysis of P.
stipitis HOM3 and HOM3-R2 expressed from p416TEF in
strain 7790 (HOM3=8039, HOM3-R2=8040) and BY4741
(HOM3=8119, HOM3-R2=8120). Cells were grown in
defined medium lacking threonine and isoleucine for
approximately 24 hrs and extracted as previously stated. Lev-
els of L-threonine were as observed before in the 7790 strain
(35% total amino acid content), and expression of this
enzyme in the background of chromosomally encoded S.
cerevisiae HOM3 was not significantly diftferent. The threo-
nine level for wild-type P. stipitis HOM3 in 7790 was
approximately the same as previously observed (~15%). Sur-
prisingly, this same enzyme expressed in the BY4741 back-
ground resulted in a significantly higher threonine level of
approximately 5%, suggesting a contribution from the native
HOM3. This could be interpreted as showing a theoretical
maximal level of threonine achieved by HOM3-R2, since no
additional threonine was detected by expression in BY4741.
Alternatively, it could indicate a limitation in upstream pre-
cursors, specifically oxaloacetate, since aspartate levels
appeared constant in the four different experiments. Addi-
tionally, alanine levels showed a significant decrease in the
HOM3-R2 strains. One possible explanation is increased
pyruvate flux into the Asp/Thr pathway via OAA, thereby
limiting direct transamination of pyruvate to alanine. Amino
acid values are expressed as a percentage of individual amino
acids in the total amino acid content of the cells.

FIG. 17 is a bar graph showing production of 2-MBO by
BY4741 deletion variants transformed with p415TEF-
ILVIFBR.

FIG. 18 is a bar graph showing production of 2-MBO by
BY4741 deletion variants transformed with p415TEF-
ILVIFBR and p415TEF (empty vector control).

FIG. 19 is a bar graph showing production of 2-MBO &
3-MBO by BY4741 deletion variants transformed with
p415TEF-ILV1IFBR and p415TEF (empty vector control).

FIG. 20 is a bar graph with data demonstrating the overex-
pression of CHA1 (threonine dehydratase) resulting in an
approximately 3 fold increase in 2-MBO production over the
wild-type strain.

FIG. 21 is a bar graph with data demonstrating the overex-
pression of ILV1 (threonine deaminase) and the feedback
resistant (FBR) variant resulting in an approximately 40 fold
increase in 2-MBO production over the wild-type strain.
Strain information is provided below:

Strain genotype Strain number
BY4741(wild-type) 7766
BY4741 + p415Tefllvl fbr 7746
Ilv1:ilvlfbor 7767
Ilv1:ilvlfbr + p415Tefilvlibr 7747

FIG. 22 (a-e). Data showing the intracellular localization
of expressed polypeptides. The recombinant proteins carry a
C-terminal 6x His tag for identification by the anti-His anti-
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body using immunoblots of specific cell fractions. a) 7541
background ILV1A strain with p415TEF 1ILV1, p415TEF
ILV1A45 & p415TEF ILVIFBRA45; b) 7123 strain with
p415TEF ILV2, p415TEF ILV2A45; ¢) 7123 strain with
p415TEF ILVS, p415TEF ILV5A35; d) 7123 strain with
p415TEF 1LV3, p415TEF ILV3 A35, e) 7123 strain with
p415TEF ILV3, p415TEF ILV3A19 Pichia stipidis (panel ii
for ILV3A19 is a crude fractionation method showing expres-
sion in all 3 fractions). 7.0 ug of protein was loaded in each
well to all gel results below. A 1:2000 dilution of primary
antibody was used for each lane. (CR=Crude extract;
N=Nuclei fraction, M=Mitochondrial fraction; and
Cy=Cytosolic fraction).

FIG. 23 (a-d). Endpoint assays for acetolactate synthase
activity were carried out using pyruvate as substrate. The
resulting acetolactate was converted to acetone under acidic
conditions. Acetone was reacted with a-naphtha for colori-
metric detection at 546 nm. E. coli ilvB was found to the
highest activity on pyruvate and E. coli ilvG showed mini-
mum activity (a). The reaction was only moderately subject to
feedback inhibition by leucine, isoleucine and valine (b, c and
d) which could be due to longer reaction times. Strain infor-
mation is provided below:

Strain
Strain Description number
$7209 p416TEF 7209
B p415TEF ilvB (Ec) 7302
B+N p415TEF ilvB (Ec) p414TEFilvN (Ec) 8129
G p413TEF ilvG' (Ec) p415TEF 7307
G+M p415TEF ilvG' (Ec) p416TEFilvM(Ec) 7558
I p415TEF ilvI(Ec) 7560
I+H p415TEF ilvI(Ec) p416TEF ilvH(Ec) 7559
S ce2 p414TEF ILV2 p415TEF 7309
2+6 p415 TEF ILV6 p414TEF ILV2 7313
B (Cglu) p415TEF ilvB (Cg) 7306

FIG. 24 (a-d.) Kinetic curves of keto acid decarboxylases
on 2-keto-3-methylvalerate a. APDC1; b. L. lactis KdcA; c.
Pichia stipitis PDC3-6; d. ES1 (KdcA-PDCI1 fusion 1);e. K,
values of the four enzymes (a to d) on 2-keto-3-methylvaler-
ate; f. V,,values of the four enzymes (a to d) on 2-keto-3-
methylvalerate.

FIGS. 25 (a-f) Kinetic curves of keto acid decarboxylases
on 2-keto butyrate a. APDC1 strain; b. L. lactis KdcA; c.
Pichia stipitis PDC3-6; d. ES1 (KdcA-PDC1 fusion 1);e. K,
values of the four enzymes (a to d) on 2-keto butyrate; f.V,, ..
values of the four enzymes (a to d) on 2-keto butyrate.

FIG. 26 (a-e). Kinetic curves of keto acid decarboxylases
on pyruvate a. APDC1; b. L. lactis KdcA; c. Pichia stipitis
PDC3-6; d. ES1 (KDCA-PDC1 fusion 1);e. V,, . values of
the four enzymes (a to d) on pyruvate.

FIG. 27. Activity of S. cerevisiae ADH]1 on various alde-
hydes.

FIG. 28 (aand b). Kinetic curves of ADH6 on acetaldehyde
(a) and 2-methylbutyraldehyde (b).

FIG. 29 (a and b). Km and Vmax values of S. cerevisiae
ADHG6 on the substrates acetaldehyde and 2-methylbutyral-
dehyde.

FIG. 30. Co-factor oxidation of GRE2 (alcohol dehydro-
genase) on methylbutyraldhyde substrates.

FIG. 31. Co-factor oxidation of decarboxylase and alcohol
dehydrogenase combinations. Strains 7632 (p416TEF-
ADHS6, p415TEF-PDC1); 7633 (p416TEF-His:GRE2),
pTEF-PDCYS); 7634 (APDCI1, p416TEF-ADH6, p415TEF-
PDC1); 7635 (p416TEF-His:GRE2, p415TEF-PDC1); 7636
(p416TEF-ADH6, p415TEF-KdcA(L1)); 7637 (p416TEF-
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ADH6, p415TEF-KdcA(L1)-5286Y); 7638 (p416TEF-
ADHS6, p415TEF-KdcAMt); 7639 (p416TEF-ADHS,
p415TEF-PDCS); 7640 (p416TEF-His:GRE2, p415TEF-
KdcA(L1)); 7641 (p416TEF-His:GRE2, p415TEF-KdcA
(L1)-S286Y).

FIG. 32. Alignment of KdcAp and Pdclp from Lactococcus
lactis and Saccharomyces cerevisiae, respectively. Amino
acids identified for site saturation mutagenesis are outlined by
the boxes.

FIG. 33. Schematic for making mutant library. Amplifica-
tion 1 and 2 were completed separately via PCR then com-
bined in one PCR round to attain Amplification 3. Amplifi-
cation 3 could have both mutations as well as single
mutations. These mutations could also be stop codons.

FIG. 34. Schematic of KdcAp structure. The boxed regions
are those that were fusion sites when combining KdcAp to
Pdclp (Exchange Sites).

FIG. 35. Schematic of Pdc1p structure. The boxed regions
are those that were fusion sites when combining KdcAp to
Pdclp (Exchange Sites).

FIG. 36. Schematic of the KdcAp and Pdc1p fusion protein
at Exchange Site #1 as indicated in FIG. 35. This Exchange
Site is in a conserved region for both proteins in domain 1.

FIG. 37. Schematic of the KdcAp and Pdc1p fusion protein
at Exchange Site #2 as indicated in FIG. 35. This Exchange
Site is in a conserved region for both proteins in between
domain 2 and domain 3.

FIG. 38. Schematic of the KdcAp and Pdc1p fusion protein
at Exchange Site 3. This Exchange Site is in a conserved
region for both proteins in between domain 2 and domain 3.

FIG. 39. Diagrammatic representation of strategy for cre-
ating fusion proteins between Lactococcus lactis KDCA and
Pichia stipitis PDC3-6 to increase the affinity for branched
keto acids.

FIG. 40. A schematic of KdcA-PDC3-6 fusion 1 for
increasing the affinity for brance keto acids.

FIG. 41. A schematic of KdcA-PDC3-6 fusion 2 for
increasing the affinity for brance keto acids.

FIG. 42. A schematic of PCR amplification of cassettes.
Primers give 40 base overlaps between primary cassettes.

FIG. 43. A schematic of amplification of Truncated-Hybrid
Cassettes from Overlapping Primary Cassettes.

FIG. 44. A schematic of fragments used in an isothermal
reaction that creates 7 kb fragment. Note there are 40 base
overlaps between the fragments.

FIG. 45. A schematic of fragments used in an isothermal
reaction creates 8 kb fragment. Note there are 40 base over-
laps between the fragments.

FIG. 46. A schematic of fragments used in an isothermal
reaction or In-vivo recombination by Yeast. Note there are 40
base overlaps between the fragments. These are used for both
isothermal assembly and In-vivo recombination by yeast.

FIG. 47. A graph of 2-MBO production during fermenta-
tion of strains expressing threonine deaminase (TD). Fermen-
tation were performed under standard conditions (aerobic,
30° C., pH 4.5) in YNB medium containing 50 g 1-1 glucose
and supplemented with nutrients to complement remaining
auxotrophies.

FIG. 48. A graph of specific 2-MBO production in strains
expressing TD and AK. Fermentations were preformed under
standard conditions (aerobic, 30° C., pH4.5). Specific pro-
ductivity was calculated from interpolated values for biomass
and 2-MBO. The average of 2 independent replicates are
reported.

FIG. 49. A graph of specific productivity of 2-MBO with
excess 2-MBA. Fermentations were performed under stan-
dard conditions (aerobic, 30° C., pH 4.5) in YNB medium
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containing 50 g 1-1 glucose and supplemented with nutrients
to complement auxotrophies. A bolus of 2-MBA was added
and samples collects hourly thereafter. Specific productivity
was calculated from interpolated values for 2-MBO and bio-
mass.

FIG. 50. A graph of 2-MBO production by strain 7338
(p415TEF ILV1FBR) in medium with increased glucose.
Fermentations were performed under standard conditions
(aerobic, 30° C., pH 4.5) in YNB medium containing the
indicated amount of glucose. In one set of experiments, a
constant glucose feed was employed. The data shown repre-
sent the average of two independent replicates.

FIG. 51. A graph of 2-MBO specific productivity in strains
expressing GCN4. Fermentations were performed under
standard conditions (aerobic, 30° C., pH 4.5) in YNB con-
taining 50 g 1-1 glucose and supplemented with nutrients to
complement auxotrophies.

FIG. 52. The heterologous citramalate pathway composed
of cimA/leuA, leuB, leuC, and leuD is expressed in the cyto-
plasm of S. cerevisiae.

FIG. 53. A graph showing results of detection of citra-
malate via HPLC.

FIG. 54. A bar graph showing MBO production of cimA/
leuA 1 clones. A 3-to 8-fold increase in 2-MBO was observed
for strains containing cimA/leuA, leuB, and leuCD and
grown in +]le SD medium. Strain information shown in Table
10.

FIG. 55. A bar graph showing citramalate production of
various heterologous genes in Saccharomyces. Strains 8123
control strain (empty vector); 8055 p416GPD-cimA (Tm)+
p415TEF1; 8059 p416GPD-cimA (Gs), p415TEF1.

FIG. 56. A bar graph showing calculated maximum theo-
retical yields of 2-MBO from glucose in yeast resulting from
different genetic manipulations.

FIG. 57. Effect of [soleucine on the putative leuA activity
and variants. Isoleucine was added to 10 mM.

FIG. 58 (a-c). Shows tracings of GCMS analysis of MBO
production.

FIG. 59. Shows a map of YAC6 comprising the following
genes: ilvAfbr (Ec), ilvG' (Ec), ilvC (Ec), ilvD (Ec), kdcA
(L1), adhé.

FIG. 60. Shows a map of YACS8 comprising the following
genes: mdh2 (Ps), pycl (Ps), aat2 (Ps), hom3fbr (Ps), hom2
(Ps), hom6 (Ps), thrl (Ps), thr4 (Ps).

FIG. 61. Shows a map of YAC10 comprising the following
genes: mdh2 (Ps), pycl (Ps), aat2 (Ps), hom3fbr (Ps), hom2
(Ps), hom6 (Ps), thrl (Ps), thr4 (Ps), kdcA (1), adh6.

FIG. 62. Shows a map of YAC9 comprising the following
genes: hom3fbr (Ps), pycl (Ps), aat2 (Ps), hom3fbr (Ps),
hom?2 (Ps), hom6 (Ps), thr1 (Ps), thr4 (Ps), pdc3-6 (Ps), adh6.

FIG. 63. Shows a map of YAC9 with hom3fbr on CUP
promoter comprising the following genes: hom3fbr (Ps),
pycl (Ps), aat2 (Ps), hom3fbr (Ps), hom2 (Ps), hom6 (Ps),
thrl (Ps), thr4 (Ps), pdc3-6 (Ps), adh6.

FIG. 64. Shows a map of YAC7 comprising the following
genes: hom3fbr (Ps), pycl (Ps), aat2 (Ps), hom3fbr (Ps),
hom?2 (Ps), hom6 (Ps), thrl (Ps), thr4 (Ps).

FIG. 65. Shows a map of YAC7 with hom3fbr on CUP
promoter comprising the following genes: hom3fbr (Ps),
pycl (Ps), aat2 (Ps), hom3fbr (Ps), hom2 (Ps), hom6 (Ps),
thrl (Ps), thr4 (Ps).

FIG. 66. Shows a map of YACS comprising the following
genes: ilv1fbr (Ps), ilv2 (Ps), ilv6 (Ps), ilv5 (Ps), ilv3 (Ps).

FIG. 67. Shows a map of YACS with ilvlfbr on CUP
promoter comprising the following genes: ilv1fbr (Ps), ilv2
(Ps), ilv6 (Ps), ilv5 (Ps), ilv3 (Ps).
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FIG. 68. Shows a map of YACS truncated comprising the
following genes: ilvlfbrAl5 (Ps), ilv2A26 (Ps), ilv6 (Ps),
ilv5A40 (Ps), ilv3A34 (Ps).

FIG. 69. Shows a map of YACS truncated with ilvlfbr on
CUP promoter ilvlfbrAlS (Ps), ilv2A26 (Ps), ilv6 (Ps),
ilv5A40 (Ps), ilv3A34 (Ps).

FIG. 70. Shows a map of YAC14 comprising the following
genes: hom3fbr (Ps), pycl (Ps), aat2 (Ps), hom3tbr (Ps),
hom?2 (Ps), hom6 (Ps), thrl (Ps), thr4 (Ps), pdc3-6 (Ps), adh6,
ilvlfbr (Ps), ilv2 (Ps), ilv6 (Ps), ilv5 (Ps), ilv3 (Ps).

FIG. 71. Shows a map of YAC14 with hom31br, ilv1{br on
CUP promoter comprising the following genes: hom3tbr
(Ps), pycl (Ps), aat2 (Ps), hom3fbr (Ps), hom2 (Ps), hom6
(Ps), thrl (Ps), thrd (Ps), pdc3-6 (Ps), adh6, ilv1ibr (Ps), ilv2
(Ps), ilv6 (Ps), ilv5 (Ps), ilv3 (Ps).

FIG. 72. Shows a map of YAC14 with ILV truncations
comprising the following genes: hom3fbr (Ps), pycl (Ps),
aat2 (Ps), hom3fbr (Ps), hom2 (Ps), hom6 (Ps), thrl (Ps), thr4
(Ps), pdc3-6 (Ps), adh6, ilv1fbrAlS (Ps), ilv2A26 (Ps), ilv6
(Ps), ilv5A40 (Ps), ilv3A34 (Ps).

FIG. 73. Shows a map of YAC14 with ILV truncations,
hom31br, ilvl{br on CUP promoter comprising the following
genes: hom3fbr (Ps), pycl (Ps), aat2 (Ps), hom3tbr (Ps),
hom?2 (Ps), hom6 (Ps), thrl (Ps), thr4 (Ps), pdc3-6 (Ps), adh6,
ilvlfbrAlS (Ps), ilv2A26 (Ps), ilv6 (Ps), ilv5A40 (Ps),
ilv3A34 (Ps).

FIG. 74 (a-c). a) Shows a representative chromatogram for
the array of C1-C4 alcohols, 2-MBO and isovaleric acid. The
internal standard 1-pentanol. b) Shows a representative chro-
matogram for the alcohols and MBOs in a fermentation broth
sample. The internal standard 1-pentanol. Since the relative
response factor for 3-MBO is similar to that for 2-MBO, the
quantification of 3-MBO is based on the calibration curve set
for 2-MBO. ¢) Shows a representative chromatogram:
1-Methanol; 2-FEthanol; 3-n-Propanol; 4-iso-Butanol; 5-n-
Butanol; 6-2 MBO (partial separation from 3 MBO);
7-2MeBu Acid (co-elution with isovaleric acid).

FIG. 75 (a-c). Shows representative chromatograms. a)
Short run, after improving resolution (Rtx-624 20x0.18, 1
um, MBOorg2), b) Short run (Rtx-624 20x0.18, 1 um,
MBOorgl), and ¢) long run (Rtx-624 30x0.25, 1.4 um, MBO-
FASTC/GC1).

DETAILED DESCRIPTION OF THE INVENTION

The invention described herein relates to recombinant
microorganisms capable of metabolizing a variety of carbon
sources to a number of commercially valuable compounds,
including isoamyl alcohol, propanol, methylbutanols (MBO)
such as 2-methyl-1-butanol (2-MBO), 3-methyl-1-butanol
(3-MBO), and isobutanol. Derivatives of these compounds
are also contemplated, and may be synthesized either biologi-
cally or chemically. For example, derivatives of methylbu-
tanol include 2-methyl-1-(2-methylbutoxy)butane and
1-(isopentyloxy)-3-methylbutane, 1-(isopentyloxy)-2-meth-
ylbutane, 2-methyl-1-(tert-pentyloxy)butane, and 2-methyl-
2-(tert-pentyloxy)butane. The recombinant microorganisms
are engineered to include a variety of heterologous genes
encoding enzymes which complement or replace endogenous
enzymatic systems. The invention also describes fuel compo-
sitions containing the compounds produced by the recombi-
nant microorganisms and derivatives thereof, as well as meth-
ods of using such compositions.

FIG. 1 shows a proposed pathway for the generation of
MBO with malate as the starting material. Each step of the
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enzymatic pathway is provided with a letter designation
which corresponds to an polypeptide with the following enzy-
matic activity.

Step a) corresponds to the conversion of malic acid to
pyruvic acid,

Step b) corresponds to the conversion of pyruvic acid to
oxaloacetic acid,

Step ¢) corresponds to the conversion of oxaloacetic acid to
L-aspartic acid,

Step d) corresponds to the conversion of L-aspartic acid to
L-aspartyl-4-phospate,

Step e) corresponds to the conversion of L-aspartyl-4-
phospate to 2-amino-4-oxo-butanoic acid (L-aspartate
semialdehyde), step f) corresponds to the conversion of
2-amino-4-oxo-butanoic acid (L-aspartate semialde-
hyde) to homoserine,

Step g) corresponds to the conversion of homoserine to
O-phospho-L-homoserine,

Step h) corresponds to the conversion of O-phospho-L-
homoserine to L-threonine,

Step 1) corresponds to the conversion of L-threonine to
2-oxobutanic acid,

Step j) corresponds to the conversion of 2-oxobutanic acid
to 2-aceto-hydroxy-butyric acid,

Step k) corresponds to the conversion of 2-aceto-hydroxy-
butyric acid to 2,3-dihydroxy-3-methylvaleric acid,

Step 1) corresponds to the conversion of 2,3-dihydroxy-3-
methylvaleric acid to 2-keto-3-methylvaleric acid,

Step m) corresponds to the conversion of 2-keto-3-meth-
ylvaleric acid to 2-methylbutanal, and

Step n) corresponds to the conversion of 2-methylbutanal
to 2-methylbutanol.

The designations provide examples of enzymatic activities
that catalyze particular reactions in the overall pathway. For
example, malate dehydrogenase is an example of a designa-
tion for the enzyme that catalyzes the conversion of malate to
pyruvate. Because enzymatic nomenclature various between
organisms, it should be noted that the names provided above
are merely illustrative of a class of enzymes that catalyze the
particular steps of the pathway. The enzymes contemplated
for use with the invention are those that catalyze the reactions
illustrated and are not limited to the enzymatic names pro-
vided.

Polypeptides providing the following enzymatic activities
corresponding to the steps of FIG. 1 are:

Step a) malate dehydrogenase [EC 1.1.1.37]

Step b) pyruvate carboxylase [EC 6.4.1.1]

Step c) aspartate aminotransferase [EC 2.6.1.1];

Step d) aspartate kinase or L-aspartate-4-P-transferase [EC

2.7.2.4],

Step e) aspartic beta semi-aldehyde dehydrogenase [EC
1.2.1.11];

Step f) homoserine dehydrogenase [EC 1.1.1.3];

Step g) homoserine kinase [EC 2.7.1.39];

Step h) threonine synthase [EC 4.2.99.2];

Step 1) threonine deaminase or threonine dehydratase [EC
43.1.19];

Step j) acetolactate synthase or a subunit thereof [EC
2.2.1.6],

Step k) ketol-acid reductoisomerase or acetohydroxyacid
reductoisomerase [EC 1.1.1.86];

Step 1) dihydroxy-acid dehydratase [EC 4.2.1.9];

Step m) pyruvate decarboxylase [EC 4.1.1.1] or alpha-keto
acid decarboxylase [4.1.1.72]; and

Step n) alcohol dehydrogenase [EC 1.1.1.1]. The EC num-
bers provided use the enzyme nomenclature of the
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Nomenclature Committee of the International Union of
Biochemistry and Molecular Biology.

A first aspect of the invention provides a recombinant
microorganism comprising at least one DNA molecule,
wherein said at least one DNA molecule encodes at least three
polypeptides that catalyze a substrate to product conversion
selected from the group consisting of steps a) through h),
wherein said recombinant microorganism produces 2-meth-
ylbutanol.

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of malate to pyruvate is derived
from a yeast. An example of a suitable source for this enzyme
is the genus Pichia, a preferred source is Picihia stipitis.

A specific example of a suitable sequence is:

Pichia stipitis MDH2 (Ps) amino acid sequence:

(SEQ ID NO:
MPHSVTPSIEQDSLKIAILGAAGGIGQSLSLLLKAQLQYQLKESNRSV

1)

THIHLALYDVNQEAINGVTADLSHIDTPISVSSHSPAGGIENCLHNASIV
VIPAGVPRKPGMTRDDLFNVNAGIISQLGDSIAECCDLSKVFVLVISNP
VNSLVPVMVSNILKNHPQSRNSGIERRIMGVTKLDIVRASTFLREINIES
GLTPRVNSMPDVPVIGGHSGETIIPLFSQSNFLSRLNEDQLKYLIHRVQ
YGGDEVVKAKNGKGSATLSMAHAGYKCVVQFVSLLLGNIEQIHGTYY
VPLKDANNFPIAPGADQLLPLVDGADYFAIPLTITTKGVSYVDYDIVNR
MNDMERNQMLPICVSQLKKNIDKGLEFVASRSASS .

Another exemplary sequence is:
Saccharomyces cerevisiae MDH2 amino acid sequence:

(SEQ ID NO:
MVKVTVCGAAGGIGQPLSLLLKLNPAVSELALFDIVNAKGVAADLSHI

2)

NTPAVVTGHQPANKEDKTAIVDALKGTDLVVIPAGVPRKPGMTRADLFEFN
INASIIRDLVANIGRTAPNAAILIISNPVNATVPIAAEVLKKLGVFNPGK
LFGVTTLDSVRAETFLGELINVNPSQLQGRISVVGGHSGDTIVPLINVTP
DVSAKVANISKADYDKFVNRVQFGGDEVVKAKNGAGSATLSMAYAG
YRFAAGVLNSLGGASTSSSGVPDSSYVYLPGVPGGKEFSAKYLNGVD
FFSVPIVLENGVIKSFINPFEHMKITQKEQELVKVALGGLEKSIEQGTNF
VKGSKL

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of pyruvate to oxaloacetic acid
is derived from a yeast. An example of a suitable source for
this enzyme is the genus Pichia, a preferred source is Picihia
Stipitis.

A specific example of a suitable sequence is:

Pichia stipitis PYC1 (Ps) amino acid sequence:

(SEQ ID NO: 3)
MSSLSPHDHHGKINQMRRDSTVLGPMNKILVANRGEIPIRIFRTAHELSM

QTVAIYSHEDRLSMHRLKADESYVIGKKGEFSPVGAYLQIDEIIKIAKTH
NVNMIHPGYGFLSENSEFARKVEEAGIAWIGPTHET IDAVGDKVSARNLA
LANDVPVVPGTPGPIDSVEEAEAFVEKYGYPVIIKAAFGGGGRGMRVVRE

GDDIGDAFKRATSEAKTAFGNGTCFIERFLDKPKHIEVQLLADGYGNVIH
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-continued
LFERDCSVQRRHQKVVEIAPAKNLPKAVRDAI LTDAVKLAKSANYRNAGT

AEFLVDEQNRHYFIEINPRIQVEHTITEEITGVDIVAAQIQIAAGASLQQ
LGLLEDKITTRGFAIQCRITTEDPSKNFQPDTGKIEVYRSSGGNGVRLDG
GNGFAGSIISPHYDSMLVKCSTSGSTYEIARRKMLRALIEFRIRGVKTNI
PFLLALLTNETFISGSCWTTFIDDTPSLFQMISSQNRANKILSYLADLIV
NGSSIKGQVGLPKLNEEAEIPTIHDPKTGIPIDVELNPAPRGWRQVLLEE
GPDAFAKKVRNFNGTLITDTTWRDAHQSLLATRLRTIDLLNIAPT TAHAL
NGAFSLECWGGATFDVCMRFLYEDPWARLRKLRKLVPNIPFQMLLRGANG
VAYSSLPDNAIDQFVKQAKDNGVDIFRVFDALNDLDQLKVGIDAVKKAGG
VVEATVCYSGDMLQKGKKYNLAYYVDVVDKIVAMGTHF LGIKDMAGTLKP
KAATDLVSAIRAKYPDLPIHVHTHDSAGTGVASMTAAAKAGADVVDAASN
SMSGMTSQPSISAILASFEGEVETGLSERLVREIDHYWAQMRLLYSCFEA
DLKGPDPEVYEHEIPGGQLTNLLFQAQQLGLGAKWLQTKETYKIANRVLG
DVVKVTPTSKVVGDLAQFMVSNNLTEEDVNKLAGELDFPDSVLDFMEGLM
GTPYGGFPEPLRTNMLGNKRQKLNERPGLSLAPVDFSALKQELVSKYGNS
IKEVDLASYTMYPKVYESYRKIVEKYGDLSVLPTRYFLKGINVGEELSVE
IEQGKTLIVKLLAVGEI SQQKGTREVFFELNGEMRSVTVDDKTVSVETIT
RRKATQPNEVGAPMAGVVIEIRTQSGTDVKKGDPIAVLSAMKMEMVISAP

VSGVVGEILIKEGESVDASDLITSILKHN.

Other exemplary sequences are:
Saccharomyces cerevisiae PYC1 amino acid sequence:

(SEQ ID NO: 4)
MSQRKFAGLRDNFNLLGEKNKILVANRGEIPIRIFRTAHELSMQTVAIYS

HEDRLSTHKQKADEAYVIGEVGQYTPVGAYLAIDEIISIAQKHQVDFIHP
GYGFLSENSEFADKVVKAGITWIGPPAEVIDSVGDKVSARNLAAKANVPT
VPGTPGPIETVEEALDFVNEYGYPVIIKAAFGGGGRGMRVVREGDDVADA
FQRATSEARTAFGNGTCFVERFLDKPKHIEVQLLADNHGNVVHLFERDCS
VQRRHQKVVEVAPAKTLPREVRDAILTDAVKLAKECGYRNAGTAEFLVDN
ONRHYFIEINPRIQVEHTITEEITGIDIVAAQIQIAAGASLPQLGLFQDK
ITTRGFAIQCRITTEDPAKNFQPDTGRIEVYRSAGGNGVRLDGGNAYAGT
IISPHYDSMLVKCSCSGSTYEIVRRKMIRALIEFRIRGVKTNIPFLLTLL
TNPVFIEGTYWTTFIDDTPQLFQMVSSQONRAQKLLHYLADVAVNGSSIKG
QIGLPKLKSNPSVPHLHDAQGNVINVTKSAPPSGWRQVLLEKGPAEFARQ
VRQFNGTLLMDT TWRDAHQSLLATRVRTHDLATIAPTTAHALAGRFALEC
WGGATFDVAMRFLHEDPWERLRKLRSLVPNIPFQMLLRGANGVAYSSLPD
NAIDHFVKQAKDNGVDIFRVFDALNDLEQLKVGVDAVKKAGGVVEATVCF
SGDMLQPGKKYNLDYYLEIAEKIVQMGTHI LGIKDMAGTMKPAAAKLLIG
SLRAKYPDLPIHVHTHDSAGTAVASMTACALAGADVVDVAINSMSGLTSQ
PSINALLASLEGNIDTGINVEHVRELDAYWAEMRLLYSCFEADLKGPDPE
VYQHEIPGGOLTNLLFQAQQLGLGEQWAETKRAYREANYLLGDIVKVTPT

SKVVGDLAQFMVSNKLTSDDVRRLANSLDFPDSVMDFFEGLIGQPYGGFEFP
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-continued
EPFRSDVLRNKRRKLTCRPGLELEPFDLEKIREDLONRFGDVDECDVASY
NMYPRVYEDFQKMRETYGDLSVLPTRSFLSPLETDEEIEVVIEQGKTLII
KLOAVGDLNKKTGEREVYFDLNGEMRKIRVADRSQKVETVTKSKADMHDP
LHIGAPMAGV IVEVKVHKGSLIKKGQPVAVLSAMKMEMI IS SPSDGQVKE
VFVSDGENVDSSDLLVLLEDQVPVETKA

Saccharomyces cerevisiae PYC2 amino acid sequence:

(SEQ ID NO: 5)
MSSSKKLAGLRDNFSLLGEKNKILVANRGEIPIRIFRSAHELSMRTIAIY

SHEDRLSMHRLKADEAYVIGEEGQYTPVGAYLAMDEIIEIAKKHKVDFIH
PGYGFLSENSEFADKVVKAGITWIGPPAEVIDSVGDKVSARHLAARANVP
TVPGTPGPIETVQEALDFVNEYGYPVIIKAAFGGGGRGMRVVREGDDVAD
AFQRATSEARTAFGNGTCFVERFLDKPKHI EVQLLADNHGNVVHLFERDC
SVQRRHQKVVEVAPAKTLPREVRDAILTDAVKLAKVCGYRNAGTAEFLVD
NONRHYFIEINPRIQVEHTITEEITGIDIVSAQIQIAAGATLTQLGLLQD
KITTRGFSIQCRITTEDPSKNFQPDTGRLEVYRSAGGNGVRLDGGNAYAG
ATISPHYDSMLVKCSCSGSTYEIVRRKMIRALIEFRIRGVKTNIPFLLTL
LTNPVFIEGTYWTTFIDDTPQLFQMVSSQONRAQKLLHYLADLAVNGSSIK
GQIGLPKLKSNPSVPHLHDAQGNVINVTKSAPPSGWRQVLLEKGPSEFAK
QVRQFNGTLLMDTTWRDAHQSLLATRVRTHDLATIAPTTAHALAGAFALE
CWGGATFDVAMRFLHEDPWERLRKLRSLVPNIPFQMLLRGANGVAYSSLP
DNAIDHFVKQAKDNGVDIFRVFDALNDLEQLKVGVNAVKKAGGVVEATVC
YSGDMLQPGKKYNLDYYLEVVEKIVQMGTHILGIKDMAGTMKPAAAKLLI
GSLRTRYPDLPIHVHSHDSAGTAVASMTACALAGADVVDVAINSMSGLTS
QPSINALLASLEGNIDTGINVEHVRELDAYWAEMRLLYSCFEADLKGPDP
EVYQHEIPGGQLTNLLFQAQQLGLGEQWAETKRAYREANYLLGDIVKVTP
TSKVVGDLAQFMVSNKLTSDDIRRLANSLDFPDSVMDFFEGLIGQPYGGF
PEPLRSDVLRNKRRKLTCRPGLELEPFDLEKIREDLONRFGDIDECDVAS
YNMYPRVYEDFQKIRETYGDLSVLPTKNFLAPAEPDEEIEVTIEQGKTLI
IKLQAVGDLNKKTGQREVYFELNGELRKIRVADKSQNIQSVAKPKADVHD
THQIGAPMAGVIIEVKVHKGSLVKKGESIAVLSAMKMEMVVSSPADGQVK
DVFIKDGESVDASDLLVVLEEETLPPSQKK

Pichia stipitis PYC2 (Ps) amino acid sequence:

(SEQ ID NO: 6)
MTASSLDNQLNYVHAAFDEENDGLLPISLQDLTNKHKEASTSKNS TFAPK

NTSLPSSTKSASLLKVDRPAFFVLVLLYLLQGVPVGLAFGSIPFILKSKL
SYSQVGIFSLAAYPYSLKLIWSPIVDAVYSPKLGRRRSWIIPIQTISGVT
LIYLGSLIDGLMEDPONCLPTITFCFFMLVFFCATQDIAVDGWALTCLSP
ESLSYASTAQTIGINTGYFSSFTIFLALSSPDFANRYLRKVPLDVGLFSL
GSYLTFWGWMFLAVTALLWFVPEDPPHLAKRNQAKLSNEKIKTESVYNKD

SKFKDLONVYLAMFKVLKLPNVQTFVIILLISKFGFQVNEAATNLKLLEK



US 9,080,188 B2

17
-continued
GLSKEDLSITVLIDFPFEMVEGYYAGRWS TGKSPLKPWIFGFAGRLVAARA
LAQGIVYFFPEDGKISSFYFLLVILQHLLGSFMS TIQFVSLCAFHTKIAD
PAIGGTYMTTLNTLSNYGGTWPRLILLYLIDKLTIEECKVPSVINSYYIT
DEDLRQQCKS SGGKLTVLRDGYYYTNTICVIIGIFTLLWVKRKTTYLQSL

PNSAWRVNKD

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of oxaloacetic acid to L-aspar-
tate is derived from a yeast. An example of a suitable source
for this enzyme is the genus Pichia, a preferred source is
Picihia stipitis.

A specific example of a suitable sequence is:

Pichia stipitis AAT2 (Ps) amino acid sequence:

(SEQ ID NO: 7)
MSYFAGITELPPDPLFGLKARYVADSRTDKVDLGIGAYRDNNGKPWILPA

VKLAEAKLVSSPDYNHEYLSISGFEPFLKQASKVILGENSAALAENRVVS
QOSLSGTGALHVAGVLLKEFYTGEKTVYLSKPTWANHNQIFTSIGFKVAS
YPYWDNDTKSLDLKGFLSTIRTAPAGS IFLLHACAHNPTGLDPSQDEWKQ
VLKELEAKKHLVLFDSAYQGFASGDLDKDAYAIRYAIDQKVISTPIIICQ
SFAKNVGMYGERVGAIHVIPSTQKDEQLGRALKSQLNRIIRSEISNPPAY
GAKIVSTILNDRALRQOWEADLVTMSSRIHKMRLKLKELLTNLHTPGTWD
HIVNQTGMFSFTGLSPDMVARLEKVHGIYLVSSGRASVAGLNDGNVEKVA

NAIDEVVRFYAKPKL

Other exemplary sequences are:
Saccharomyces cerevisiae AAT1 amino acid sequence:

(SEQ ID NO: 8)
MLRTRLTNCSLWRPYYTSSLSRVPRAPPDKVLGLSEHFKKVKNVNKIDLT

VGIYKDGWGKVTTFPSVAKAQKLIESHLELNKNLSYLPITGSKEFQENVM
KFLFKESCPQFGPFYLAHDRISFVQTLSGTGALAVAAKFLALFISRDIWI
PDPSWANHKNIFQNNGFENIYRYSYYKDGQIDIDGWIEQLKTFAYNNQQE
NNKNPPCIILHACCHNPTGLDPTKEQWEKIIDTIYELKMVPIVDMAYQGL
ESGNLLKDAYLLRLCLNVNKYPNWSNGIFLCQSFAKNMGLYGERVGSLSV
ITPATANNGKFNPLQQKNSLQONIDSQLKKIVRGMYSSPPGYGSRVVNVV
LSDFKLKQQWFKDVDFMVQRLHHVRQEMFDRLGWPDLVNFAQQHGMFYYT
REFSPKQVEILRNNYFVYLTGDGRLSLSGVNDSNVDYLCESLEAVSKMDK

LA

Pichia stipitis AAT1 (Ps) amino acid sequence:

(SEQ ID NO: 9)
MYRTSLLKQTARPSVRVSTRQFSVLNNQVRKWSEIPLAPPDKILGISEAY

NKDANTSKINLGVGAYRDNSGKPIIFPSVKEAEKILLASEVEKEYTGITG
SKKFQNAVKGFVFNNSGKDVNGQQLIEQNRIVTAQTISGTGSLRVIGDFL
NRFYTNKKLLVPKPTWANHVAVFKDAGLEPEFYAYYETSKNDLDFANLKK

SLSSQPDGSIVLLHACCHNPTGMDLTPEQWEEVLAIVQEKNFYPLVDMAY
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-continued

QGFASGNPYKDIGLIRRLNELVVONKLKSYALCQSFAKNMGLYGERTGSI
SIITESAEASQAIESQLKKLIRPIYSSPPIHGSKIVEIIFDEQHNLLNSW
LODLDKVVGRLNTVRSKLYENLDKSSYNWDHLLKQRGMFVYTGLSAEQVI
KLRNDYSVYATEDGRFSISGINDNNVEYLANAINEVVKQ

Saccharomyces cerevisiae AAT2 amino acid sequence:

(SEQ ID NO: 10)
MSATLFNNIELLPPDALFGIKQRYGQDQRATKVDLGIGAYRDDNGKPWVL

PSVKAAEKLIHNDSSYNHEYLGITGLPSLTSNAAKI IFGTQSDAFQEDRV
ISVQSLSGTGALHISAKFFSKFFPDKLVYLSKPTWANHMAI FENQGLKTA
TYPYWANETKSLDLNGFLNAIQKAPEGSIFVLHSCAHNPTGLDPTSEQWV
QIVDAIASKNHIALFDTAYQGFATGDLDKDAYAVRLGVEKLSTVSPVEVC
QSFAKNAGMYGERVGCFHLALTKQAQNKTIKPAVTSQLAKI IRSEVSNPP
AYGAKIVAKLLETPELTEQWHKDMVTMS SRITKMRHALRDHLVKLGTPGN
WDHIVNQCGMFSFTGLTPOQMVKRLEETHAVYLVASGRASIAGLNQGNVEY
VAKAIDEVVRFYTIEAKL

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of L-aspartate to L-aspartyl-4-
phospate is derived from a yeast. An example of a suitable
source for this enzyme is the genus Pichia, a preferred source
is Picihia stipitis. Another example of a suitable source is the
appropriate gene derived from the genus Saccharomyces, a
preferred source is S. cerevisiae. The invention further con-
templates the use of an aspartate kinase that has been modi-
fied to become resistant to feedback inhibition.

A specific example of a suitable sequence is:

Pichia stipitis HOM3*®% (Ps) amino acid sequence:

(SEQ ID NO: 11)
MSVSPPLSAKSYNSIVDLRFTASKPQGWVVQKFGGTSVGKFPENIVDDIV

LVFSKTNRVAVVCSARSSQTKSEGTTSRLLKAADIAAESGDFQYMLDVIE
DDHVKNAEARVKNKTIQQKLVADTKREIAHAAELLRACQVIGEISARSLD
SVMSIGEKLSCLFMAALMNDHGLKAVYIDLSDVIPLDYDFTNGFDDNFYK
FLSQQLSSRALALSEDTVPVLTGYFGTVPGGLLNGVGRGYTDLCAALVAV
GVQADELQVWKEVDGIFTADPRKVPTARLLDSVTPEEAAELTYYGSEVIH
PFTMEQVIKAKIPIRIKNVVNPKGSGTIIFPDNVGRRGEETPPHPPEAYE
TLSSSFVLSHKKRSATAITAKQDIVVINIHSNKKTLSHGFLAHIFTTLDN
FKLVVDLISTSEVHVSMALQILODQELQLKNALKDLRRMGTVDITRNMT I
ISLVGKOMVNFIDIAGNMFKVLADNRINIEMI SQGANEINISAVINEKDT
IRALQSIHAKLLEGTFGFDDHVESAVDLRLESLKFQ

Another exemplary sequence is:

Saccharomyces cerevisiae HOM3"P® amino acid sequence:

(SEQ ID NO: 12)
MSVSPPLSAKSYNSIVDLRFTASKPQGWVVQKFGGTSVGKFPENIVDDIV

LVFSKTNRVAVVCSARSSQTKSEGTTSRLLKAADIAAESGDFQYMLDVIE
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-continued
DDHVKNAEARVKNKTIQQKLVADTKREIAHAAELLRACQVIGEISARSLD

SVMSIGEKLSCLFMAALMNDHGLKAVYIDLSDVIPLDYDFTNGFDDNFYK
FLSQQLSSRALALSEDTVPVLTGYFGTVPGGLLNGVGRGY TDLCAALVAV
GVQADELQVWKEVDGIFTADPRKVPTARLLDSVTPEEAAELTYYGSEVIH
PFTMEQVIKAKIPIRIKNVVNPKGSGTIIFPDNVGRRGEETPPHPPEAYE
TLSSSFVLSHKKRSATAITAKQDIVVINIHSNKKTLSHGFLAHIFTTLDN
FKLVVDLISTSEVHVSMALQILQODQELQLKNALKDLRRMGTVDITRNMT I
ISLVGKOMVNFIDIAGNMFKVLADNRINIEMI SQGANEINISAVINEKDT
IRALQSIHAKLLEGTFGFDDHVESAVDLRLESLKFQ

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of L-aspartyl-4-phospate to
2-amino-4-oxo-butanoic acid (L-aspartate semialdehyde) is
derived from a yeast. An example of a suitable source for this
enzyme is the genus Pichia, a preferred source is Picihia
stipitis.

A specific example of a suitable sequence is:

Pichia stipitis HOM2 (Ps) amino acid sequence:

(SEQ ID NO: 13)
MVKKAGVLGATGSVGQRFILLLAEHPDFELHVLGAS PRSAGKQYKDAVOW

KQTDLLPENAQKIIVSECKAEAFKDCDIVFSGLDADYAGPIEKEFVEAGL
VVVSNAKNYRREPGVPLIVPIVNSEHLSVIERKLAVAKAEGKSKPGYIIC
ISNCSTAGLVAPLKPLIDAFGPIDALTATTLQAI SGAGFSPGVPGMDVLD
NIIPYIGGEEEKLEWESKKILGNLTKDGTDFAPLSNDEMKVSAQCNRVAV
IDGHTECI SFRFAKHPAPSVAQVKKVLSEYVCEATKLGCHSAPKQTIHVL
EQODRPQPRLDRNRDNGYGVSVGRIREDAVLDFKMVVLSHNTI IGAAGAG
VLIAEILKAKDMI

Another exemplary sequence is:

Saccharomyces cerevisiae HOM2 (Sc) amino acid sequence:

(SEQ ID NO: 14)
MAGKKIAGVLGATGSVGQRFILLLANHPHFELKVLGAS SRSAGKKYVDAV

NWKQTDLLPESATDIIVSECKSEFFKECDIVFSGLDADYAGAIEKEFMEA
GIAIVSNAKNYRREQDVPLIVPVVNPEHLDIVAQKLDTAKAQGKPRPGFI
ICISNCSTAGLVAPLKPLIEKFGPIDALTTTTLQAISGAGFSPGVPGIDI
LDNIIPYIGGEEDKMEWETKKILAPLAEDKTHVKLLTPEEIKVSAQCNRV
AVSDGHTECISLRFKNRPAPSVEQVKTCLKEYVCDAYKLGCHSAPKQTIH
VLEQPDRPQPRLDRNRDSGYGVSVGRIREDPLLDFKMVVLSHNTI IGAAG

SGVLIAEILLARNLI

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of 2-amino-4-oxo-butanoic
acid (L-aspartate semialdehyde) to homoserine is derived
from a yeast. An example of a suitable source for this enzyme
is the genus Pichia, a preferred source is Picihia stipitis.

10

15

20

25

30

35

40

45

55

60

65

20

A specific example of a suitable sequence is:
Pichia stipitis HOM6 (Ps) amino acid sequence:

(SEQ ID NO: 15)
MSKSVNVAIIGSGVVGSAFISQLNGLKTAIKYNVVYLAKTSSEALYSSDY

QSVDLSSYKTSATKPTLGLDELLKFLQGAKKATILVDNTSNASIADYYPT
FIKAGISIATPNKKAFSSDLKTWNEIFANSAVPGAGLVAHEATVGAGLPI
IGPLRDLITTGDKVDKIEGIFSGTLSYIFNEFSTTEKSDVKFSDVVKVAK
KLGYTEPDPRDDLNGLDVARKVTILARISGFEVESPTSFPVESLIPKELE
GIESAAEFLEKLPNYDADIQKIKDEAFAENKTLRFVGQVDFKANKVSVGI
GKYPFDHPFSALKGSDNVISIKTERYPNPLIVQGAGAGSEVTAHGVLADT
IKIAERIAN

Another exemplary sequence is:
Saccharomyces cerevisiae HOM6 amino acid sequence:

(SEQ ID NO: 16)
MSTKVVNVAVIGAGVVGSAFLDQLLAMKSTITYNLVLLAEAERSLISKDF

SPLNVGSDWKAALAASTTKTLPLDDLIAHLKTSPKPVILVDNTSSAYIAG
FYTKFVENGISIATPNKKAFSSDLATWKALFSNKPTNGFVYHEATVGAGL
PIISFLREIIQTGDEVEKIEGIFSGTLSYIFNEFSTSQANDVKFSDVVKV
AKKLGYTEPDPRDDLNGLDVARKVTIVGRISGVEVESPTSFPVQSLIPKP
LESVKSADEFLEKLSDYDKDLTQLKKEAATENKVLRFIGKVDVATKSVSV
GIEKYDYSHPFASLKGSDNVISIKTKRYTNPVVIQGAGAGAAVTAAGVLG
DVIKIAQRL

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of homoserine to O-phospho-
L-homoserine is derived from a yeast. An example of a suit-
able source for this enzyme is the genus Pickia, a preferred
source is Picihia stipitis.

A specific example of a suitable sequence is:

Pichia stipitis THR1 (Ps) amino acid sequence:

(SEQ ID NO: 17)
MTIRSFEVKVPASSANIGPGFDVLGVGLQLYLQIKVTIDSSKDTSHDPYH

VKLSYEGDLAEKVPLTSDKNLITQTALYILRVNGMDSFPQGTHIHVINPV
PLGRGLGSSASAIVGGIVLGNEIGEFKFSKTRLMDYCLMIERHPDNIAAA
MLGGFVGSYLHDLSPEDMAAKNVPLDYILPKPDTPKEKIVSSQPPTNIGE
YLOYNWCHKIKCVAIVPNFEVSTDSSRAVLPEKYDRQDIVFNLQRLAILT
NALTQETPNNKLIYESMKDKIHQPYRSGLIPGLQKVLASVTPDTHPGLCG
ICLSGAGPTILCLATGGYDAIAETVIGIFNKAGVECSWKLLELAYDGATV
EIK

Other exemplary sequences are:
Saccharomyces cerevisiae THR1 amino acid sequence:

(SEQ ID NO: 18)
MVRAFKIKVPASSANIGPGYDVLGVGLSLFLELDVTIDSSQAQETNDDPN

NCKLSYTKESEGYSTVPLRSDANLITRTALYVLRCNNIRNFPSGTKVHVS

NPIPLGRGLGSSGAAVVAGVILGNEVAQLGFSKQRMLDYCLMIERHPDNI
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-continued
TAAMMGGF CGSFLRDLTPQEVERRE IPLAEVLPEPSGGEDTGLVPPLPPT
DIGRHVKYQWNPAIKCIAI IPQFELSTADSRGVLPKAYPTODLVFNLORL
AVLTTALTMDPPNADLI YPAMQDRVHQPYRKTLIPGLTEILSCVTPSTYP
GLLGICLSGAGPTILALATENFEEI SQEIINRFAKNGIKCSWKLLEPAYD
GASVEQQ

Corynebacterium glutamicum KhsE (Cg) amino acid
sequence:

(SEQ ID NO: 19)
MAIELPVGKKVTVTVPASSANLGPGFDTLGLALSLYDTVEVEVTDHGLEV

EVFGEGQGELPLDGSHLVVKAIRAGLKAADVQVPGLRVVCHNNIPQSRGL
GSSAAAAVAGVAAANGLAGFPLDDARVVQLSSAFEGHPDNAAASVLGNAV
VSWTEIPVDGRTEPQFKAVTINVDSRIKATALVPDFHASTEAVRRVLPSD
VTHLDARFNVSRCAVMTVALQHHPELLWEGTRDRLHQPYRADVLPVTAEW
VNRLRNRGYAAYLSGAGPTIMVLHTEPVDEAVLNDAREAGLRVLSLDVAD
AVSVKVDA

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of O-phospho-L.-homoserine
to L-threonine is derived from a yeast. An example of a
suitable source for this enzyme is the genus Pichia, a pre-
ferred source is Picihia stipitis.

A specific example of a suitable sequence is:

Pichia stipitis THR4 (Ps) amino acid sequence:

(SEQ ID NO: 20)
MSQKYRSSRSAEPQALSFEDVVMTGLANDGGLFLPSQVPQLPASFLQDWA

DLSFQELAFNVLRLYINAAEIPDQDLRDLISKSYSTFRSEEVTPLKKIDD
KLYLLELFHGPTYAFKDVALQFVGNLFEYFLTRRNAKKVEGEARDVITVV
GATSGDTGSAATIYGLRGKKDVSVFILYPTGRISPIQEEQMTTVEDANVHT
LSVNGTFDDCQDIVKSIFGDREFNDKYHVGAVNS INWARILAQQTYYFYS
YFQLOQKKLNDTSAKVRFVVPSGNFGDILAGYYAYKMGLPVDKLIIATNEN
DILDRFMKTGRYEKKAEKDASAAVKATFSPAMDILISSNFERLLWYLIRD
SVANGSDEVAGKTLNSWMQQLKETGSVVADPEVLAGARSIFDSERVDDAE
TVATIKEVYSAHPESYVLDPHSSVGVTTSYRFIKKDDKKDNIKYISLSTA
HPAKFSEVVNKALDSIAGYSFEKDVLPAELKALSTKRKRINLIDEASIEK
VKDAIKKELNF

Another exemplary sequence is:
Saccharomyces cerevisiae THR4 amino acid sequence:

(SEQ ID NO: 21)
MPNASQVYRSTRSSSPKTISFEEAI IQGLATDGGLFIPPTIPQVDQATLF

NDWSKLSFQDLAFAIMRLYIAQEEIPDADLKDLIKRSYSTFRSDEVTPLV
ONVTGDKENLHILELFHGPTYAFKDVALQFVGNLFEYFLOQRTNANLPEGE
KKQITVVGATSGDTGSAAIYGLRGKKDVSVFILYPTGRISPIQEEQMTTV

PDENVQTLSVTGTFDNCQDIVKAIFGDKEFNSKHNVGAVNSINWARILAQ
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-continued
MTYYFYSFFQATNGKDSKKVKFVVPSGNFGDI LAGYFAKKMGLPIEKLAT

ATNENDILDRFLKSGLYERSDKVAATLSPAMDILISSNFERLLWYLAREY
LANGDDLKAGEIVNNW* FQELKTNGKFQVDKSIIEGASKDFTSERVSNEE
TSETIKKIYESSVNPKHYILDPHTAVGVCATERLIAKDNDKSIQYISLST
AHPAKFADAVNNALSGFSNYSFEKDVLPEELKKLSTLKKKLKFIERADVE
LVKNAIEEELAKMKL

A second aspect of the invention provides a recombinant
microorganism comprising at least one DNA molecule,
wherein said at least one DNA molecule encodes at least two
polypeptides that catalyze a substrate to product conversion
selected from the group consisting of steps i) through 1),
wherein said recombinant microorganism produces 2-meth-
ylbutanol.

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of L-threonine to 2-oxobutan-
ate is derived from a yeast. An example of a suitable source for
this enzyme is the genus Pichia, a preferred source is Picihia
stipitis. The invention further contemplates the use of a threo-
nine deaminase or threonine dehydratase that has been modi-
fied to become resistant to feedback inhibition.

A specific example of a suitable sequence is:

Pichia stipitis ILV1 (Ps)*®® amino acid sequence:

(SEQ ID NO: 22)
MFFSRSGEVEKFPNLLDADFNEDGDPDYIKLILTSRVYDVVERAGTPLTH

AINLSHKCNSNIYLKREDLLPVFSFKLRGAYNMI SHLHSNSKMPLSGVIA
CSAGNHAQGVAYSANRLKIPSTIVMPTATPSIKYTNVSRLGSQVVLYGDD
FDSAKQECARLSSLNNLTDVPPFDHPYVIAGQGTIALEI TRQLRLDKLNA
LFVPVGGGGLIAGVAVYLKKIAPHVKIIGVETNDADALYQSLKAKKLVVL
DQVGMFADGTAVKVLGKETWRLCENLVDEVVKVSTDELCAAIKDIFEDTR
LITEPSGALSVAGLKKYIEQNPDIDHRNKFYVPILSGANMNEFDRLRFVSE
RAVLGEGKEVSLVVTIPEKPGEFAKLQSIINPRAITEFSYRCNGADANIF
VSFNVIDKKKELTPIIEDMNNNEHGYEVVDISDNELAKTHGCYLVGGKSS
EEVANERLYSFEFPEKPGALFNFLQALKADWNITLFHYHNHGHDIGKVLC
GFTLPEGTDDADFQSFLNELGYKFNVENDNVVYKKFLRS

Another exemplary sequence that contemplates the use of
a threonine deaminase that has been modified to optimize
cytoplasmic expression is:
Pichia stipitis ILV1 (Ps) A15 amino acid sequence:

(SEQ ID NO: 23)
MFPNLLDADFNEDGDPDYIKLILTSRVYDVVERAGTPLTHAINLSHKCNS

NIYLKREDLLPVFSFKLRGAYNMISHLHSNSKMPLSGVIACSAGNHAQGV
AYSANRLKIPSTIVMPTATPSIKYTNVSRLGSQVVLYGDDFDSAKQECAR
LSSLNNLTDVPPFDHPYVIAGQGTIALEITRQLRLDKLNALFVPVGGGGL
JIAGVAVYLKKIAPHVKI IGVETNDADALYQSLKAKKLVVLDQVGMFADGT
AVKVLGKETWRLCENLVDEVVKVSTDELCAAIKDIFEDTRLITEPSGALS
VAGLKKYIEQNPDIDHRNKFYVPILSGANMNFDRLRFVSERAVLGEGKEV

SLVVTIPEKPGEFAKLQSIINPRAITEFSYRCNGADANIFVSFNVIDKKK
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ELTPIIEDMNNNEHGYEVVDISDNELAKTHGCYLVGGKSSEEVANERLYS
FEFPEKPGALFNFLQALKADWNI TLFHYHNHGHD IGKVLCGFTLPEGTDD

ADFQSFLNELGYKFNVENDNVVYKKFLRS

Other exemplary sequences are:
Saccharomyces cerevisiae ILV1 amino acid sequence:

(SEQ ID NO: 24)
MSATLLKQPLCTVVRQGKQSKVSGLNLLRLKAHLHRQHLSPSLIKLHSEL

KLDELQTDNTPDYVRLVLRSSVYDVINESPISQGVGLSSRLNTNVILKRE
DLLPVFSFKLRGAYNMIAKLDDSQRNQGVIACSAGNHAQGVAFAAKHLKI
PATIVMPVCTPSIKYQONVSRLGSQVVLYGNDFDEAKAECAKLAEERGLTN
IPPFDHPYVIAGQGTVAMEILRQVRTANKIGAVFVPVGGGGLIAGIGAYL
KRVAPHIKIIGVETYDAATLHNSLOQRNQRTPLPVVGTFADGTSVRMIGEE
TFRVAQQVVDEVVLVNTDEICAAVKDIFEDTRSIVEPSGALSVAGMKKY I
STVHPEIDHTKNTYVPILSGANMNFDRLRFVSERAVLGEGKEVFMLVTLP
DVPGAFKKMQKI THPRSVTEFSYRYNEHRHESSSEVPKAYIYTSFSVVDR
EKEIKQVMQQLNALGFEAVDISDNELAKSHGRYLVGGASKVPNERIISFE
FPERPGALTRFLGGLSDSWNLTLFHYRNHGAD IGKVLAGISVPPRENLTF
QKFLEDLGYTYHDETDNTVYQKFLKY

Saccharomyces cerevisiae ILV1*PR amino acid sequence:

(SEQ ID NO: 25)
MSATLLKQPLCTVVRQGKQSKVSGLNLLRLKAHLHRQHLSPSLIKLHSEL

KLDELQTDNTPDYVRLVLRSSVYDVINESPISQGVGLSSRLNTNVILKRE
DLLPVFSFKLRGAYNMIAKLDDSQRNQGVIACSAGNHAQGVAFAAKHLKI
PATIVMPVCTPSIKYQONVSRLGSQVVLYGNDFDEAKAECAKLAEERGLTN
IPPFDHPYVIAGQGTVAMEILRQVRTANKIGAVFVPVGGGGLIAGIGAYL
KRVAPHIKIIGVETYDAATLHNSLOQRNQRTPLPVVGTFADGTSVRMIGEE
TFRVAQQVVDEVVLVNTDEICAAVKDIFEDTRSIVEPSGALSVAGMKKY I
STVHPEIDHTKNTYVPILSGANMNFDRLRFVSERAVLGEGKEVFMLVTLP
DVPGAFKKMQKI THPRSVTEFSYRYNEHRHESSSEVPKAYIYTSFSVVDR
EKEIKQVMQQLNALGFEAVDISDNELAKSHGCYLVGGASKVPNERIISFE
FPERPGALTRFLGGLSDSWNLTLFHYHNHGAD IGKVLAGISVPPRENLTF
QKFLEDLGYTYHDETDNTVYQKFLKY

Pichia stipitis I1LV1 (Ps) amino acid sequence:

(SEQ ID NO: 26)
MFFSRSGEVEKFPNLLDADFNEDGDPDYIKLILTSRVYDVVERAGTPLTH

AINLSHKCNSNIYLKREDLLPVFSFKLRGAYNMISHLHSNSKMPLSGVIA
CSAGNHAQGVAYSANRLKIPSTIVMPTATPSIKYTNVSRLGSQVVLYGDD
FDSAKQECARLSSLNNLTDVPPFDHPYVIAGQGTIALEITRQLRLDKLNA
LFVPVGGGGLIAGVAVYLKKIAPHVKI IGVETNDADALYQSLKAKKSVVL

DQVGMFADGTAVKVLGKETWRLCENLVDEVVKVSTDELCAAIKDIFEDTR
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-continued
SITEPSGALSVAGLKKY IEQNPDIDHRNKFYVPILSGANMNFDRLRFVSE
RAVLGEGKEVSLVVTIPEKPGEFAKLQSIINPRAITEFS YRCNGADANIF
VSFNVIDKKKELTPIIEDMNNNEHGYEVVDISDNELAKTHGRYLVGGKSS
EEVANERLYSFEFPEKPGALFNFLQALKADWNITLFHYRNHGHDIGKVLC
GFTLPEGTDDADFQSFLNELGYKFNVENDNVVYKKFLRS

Saccharomyces cerevisiae CHA1 amino acid sequence:

(SEQ ID NO: 27)
MS IVYNKTPLLRQFFPGKASAQFFLKYECLQPSGSFKSRGIGNLIMKSAI

RIQKDGKRSPQVFASSGGNAGFAAATACQRLSLPCTVVVPTATKKRMVDK
IRNTGAQVIVSGAYWKEADTFLKTNVMNKIDSQVIEPIYVHPFDNPDIWE
GHSSMIDEIVQDLKSQHISVNKVKGIVCSVGGGGLYNGI IQGLERYGLAD
RIPIVGVETNGCHVFNTSLKIGQPVQFKKITSIATSLGTAVISNQTFEYA
RKYNTRSVVIEDKDVIETCLKYTHQFNMVIEPACGAALHLGYNTKILENA
LGSKLAADDIVIIIACGGSSNTIKDLEEALDSMRKKDTPVIEVADNFIFP

EKNIVNLKSA

Corynebacterium glutamicum IlvA (Cg) amino acid
sequence:

(SEQ ID NO: 28)
MSETYVSEKSPGVMASGAELIRAADIQTAQARISSVIAPTPLQYCPRLSE

ETGAEIYLKREDLQDVRSYKIRGALNSGAQLTQEQRDAGIVAASAGNHAQ
GVAYVCKSLGVQGRIYVPVQTPKQKRDRIMVHGGEFVSLVVTGNNFDEAS
AAAHEDAERTGATLIEPFDARNTVIGQGTVAAEILSQLTSMGKSADHVMYV
PVGGGGLLAGVVSYMADMAPRTAIVGIEPAGAASMOQAALHNGGPITLETV
DPFVDGAAVKRVGDLNYTIVEKNQGRVHMMSATEGAVCTEMLDLYQNEGI
IAEPAGALSIAGLKEMSFAPGSVVVCIISGGNNDVLRYAEIAERSLVHRG
LKHYFLVNFPQKPGQLRHFLEDILGPDDDI TLFEYLKRNNRETGTALVGI
HLSEASGLDSLLERMEESAIDSRRLEPGTPEYEYLT

Escherichia coli ilvA (Ec) amino acid sequence:

(SEQ ID NO: 29)
MADSQPLSGAPEGAEYLRAVLRAPVYEAAQVTPLQKMEKLSSRLDNVILV

KREDRQPVHSFKLRGAYAMMAGLTEEQKAHGVITASAGNHAQGVAFSSAR
LGVKALIVMPTATADIKVDAVRGFGGEVLLHGANFDEAKAKATIELSQQQG
FTWVPPFDHPMVIAGQGTLALELLQODAHLDRVFVPVGGGGLAAGVAVLI
KQLMPQIKVIAVEAEDSACLKAALDAGHPVDLPRVGLFAEGVAVKRIGDE
TFRLCQEYLDDIITVDSDAICAAMKDLFEDVRAVAEPSGALALAGMKKY I
AQHNIRGERLAHILSGANVNFHGLRYVSERCELGEQREALLAVTIPEEKG
SFLKFCQLLGGRSVTEFNYRFADAKNACIFVGVRLSRGLEERKEILOMLN
DGGYSVVDLSDDEMAKLHVRYMVGGRPSHPLQERLYSFEFPESPGALLRF
LNTLGTHWNISLFHYRSHGTDYGRVLAAFELGDHEPDFETRLNELGYDCH

DETINPAFRFFLAG
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In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of 2-oxobutanate to 2-aceto-
hydroxy-butyrate is derived from a yeast. An example of a
suitable source for this enzyme is the genus Pichia, a pre-
ferred source is Picihia stipitis.

A specific example of a suitable sequence is:

Pichia stipitis ILV2 (Ps) amino acid sequence:

(SEQ ID NO: 30)
MARAALSRSSGSRYAIRALSNTKLHNATMSATSRPTPSPAFNAADIRQPQ

SYPTQRKKNDFVMDDSFIGLTGGEIFHEMMLRHNVDTVFGYAGGAILPVE
DAIYNSDKFKFVLPRHEQGAGHMAEGYARATGKPGVVLVTSGPGATNVIT
PLADALMDGVPLVVFTGQVPTTAIGTDAFQEADVVGISRSCTKWNVMVKN
VAELPRRINEAFEIATSGRPGPVLVDLPKDVTAAILREAIPINSTLPSNA
LOQITKEAQNEFTMGAIARSANLLNVAKKPIIYAGAGVLNHEDGPKLLKE
LSDKANIPVTTTLQGLGAFDQRDPKSLDMLGMHGHAAANTAMODADCIIA
LGARFDDRVTGNINKFAPEAKLAASEGRGGIIHFEISPKNINKVVEATEA
VEGDLTANLRSFIPLVKPVAERPOWLGKINEWKEKYPYAYQLETPGSLIK
PQTLIKEISEQSSTYNKEVIVTTGVGQHOMWAAQHFTWTKPRTMITSGGL
GTMGYGLPAAIGAQIGKPDAIVIDIDGDASFNMTLTELSSAVQAGAPVKV
CVLNNEEQGMVTQWQSLFYEHRYSHTHQSNPDFMKLADAMGVQGIRISTQ
EELKSGVKAFLDAKGPVLLEVIVEKKVPVLPMVPAGSALDDFILWDAETE

KQOKELRNERTGGKH

Another exemplary sequence that contemplates the use of

An acetolactate synthase that has been modified to optimize
cytoplasmic expression is:
Pichia stipitis ILV2 (Ps)A26 amino acid sequence:

(SEQ ID NO: 31)
MATMSATSRPTPLPAFNAADIRQPQSYPTQRKKNDFVMDDSFIGLTGGEI

FHEMMLRHNVDTVFGYAGGAILPVFDAIYNSDKFKFVLPRHEQGAGHMAE
GYARATGKPGVVLVTSGPGATNVITPLADALMDGVPLVVFTGQVPTTAIG
TDAFQEADVVGISRSCTKWNVMVKNVAELPRRINEAFEIATSGRPGPVLV
DLPKDVTAAILREAIPINSTLPSNALQQITKEAQNEFTMGAIARSANLLN
VAKKPIIYAGAGVLNHEDGPKLLKELSDKANIPVTTTLQGLGAFDQRDPK
SLDMLGMHGHAAANTAMODADCI IALGARFDDRVTGNINKFAPEAKLAAS
EGRGGIIHFEISPKNINKVVEATEAVEGDLTANLRSFIPLVKPVAERPQW
LGKINEWKEKYPYAYQLETPGSLIKPQTLIKEISEQSSTYNKEVIVTTGV
GOHOMWAAQHF TWTKPRTMI TSGGLGTMGYGLPAATIGAQIGKPDAIVIDI
DGDASFNMTLTELSSAVQAGAPVKVCVLNNEEQGMVTQWQSLFYEHRYSH
THQSNPDFMKLADAMGVQGIRISTQEELKSGVKAFLDAKGPVLLEVIVEK
KVPVLPMVPAGSALDDF ILWDAETEKQQKELRNERTGGKH

Other exemplary sequences are:
Saccharomyces cerevisiae ILLV2 amino acid sequence:

(SEQ ID NO: 32)
MIRQSTLKNFAIKRCFQHIAYRNTPAMRSVALAQRFYSSSSRYYSASPLP

ASKRPEPAPSFNVDPLEQPAEPSKLAKKLRAEPDMDTSFVGLTGGQIFNE
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-continued
MMSRONVDTVFGYPGGAILPVYDATHNSDKFNFVLPKHEQGAGHMAEGYA
RASGKPGVVLVTSGPGATNVVTPMADAFADGI PMVVFTGQVPTSAIGTDA
FQEADVVGISRSCTKWNVMVKSVEELPLRINEAFEIATSGRPGPVLVDLP
KDVTAAILRNPIPTKTTLPSNALNQLTSRAQDEFVMOSINKAADLINLAK
KPVLYVGAGI LNHADGPRLLKELSDRAQIPVTTTLOGLGSFDQEDPKSLD
MLGMHGCATANLAVQONADL I IAVGARFDDRVTGNISKFAPEARRAAAEGR
GGIIHFEVSPKNINKVVQTQIAVEGDAT TNLGKMMSKIFPVKERSEWFAQ
INKWKKEYPYAYMEETPGSKIKPQTVIKKLSKVAND TGRHVIVTTGVGOH
OMWAAQHWTWRNPHTFI TSGGLGTMGYGLPAATGAQVAKPESLVIDIDGD
ASFNMTLTELSSAVQAGTPVKILILNNEEQGMVTQWQSLFYEHRYSHTHQ
LNPDFIKLAEAMGLKGLRVKKQEELDAKLKEFVS TKGPVLLEVEVDKKVP

VLPMVAGGSGLDEFINFDPEVERQQTELRHKRTGGKH

Saccharomyces cerevisiae ILV6 amino acid sequence:

(SEQ ID NO: 33)
MLRSLLQSGHRRVVASSCATMVRCSSSSTSALAYKQMHRHATRPPLPTL

DTPSWNANSAVSSIIYETPAPSRQPRKOQHVLNCLVONEPGVLSRVSGTL
AARGFNIDSLVVCNTEVKDLSRMTIVLQGQODGVVEQARRQIEDLVPVYA
VLDYTNSEIIKRELVMARISLLGTEYFEDLLLHHHTSTNAGAADSQELV
AEIREKQFHPANLPASEVLRLKHEHLNDITNLTNNFGGRVVDISETSCI
VELSAKPTRISAFLKLVEPFGVLECARSGMMALPRTPLKTSTEEAADED
EKISEIVDISQLPPG

Pichia stipitis TV6 (Ps) amino acid sequence:

(SEQ ID NO: 34)
MFAKQTLRRSASSAYKQGVRNKQTSSSTSALAYKTLHRNQKRPPLPTLE

TPNWSADAAVSSILYETPMPSKAPRKQHVLNCLVONEPGVLSSVSGTLA
ARGFNIDSLVVCNTEVKDLSRMTIVLAGQDAVVEQARRQIEDLVPVYAV
LDYTNAEIIKRELLLARVSLLGPEYFQELIATHKLHISDGSAVPDLSAT
DSAYHPNNLAPSEALRQKHIHLDHINTI TEKFGGKIVDLSDRNVIVELS
AKPSRITSFLHLLQPFGILELARSGMMALPRTPLDAAVEEDEPVEAADV
VDASQLPPG

Corynebacterium glutamicum 1lvB (Cg) amino acid
sequence:

(SEQ ID NO: 35)
MNVAASQQPTPATVASRGRSAAPERMTGAKAIVRSLEELNADIVFGIPG

GAVLPVYDPLYSSTKVRHVLVRHEQGAGHAATGYAQVTGRVGVCIATSG
PGATNLVTPIADANLDSVPMVAITGQVGSGLLGTDAFQEADIRGI TMPV
TKHNFMVTNPNDIPQALAEAFHLAITGRPGPVLVDIPKDVQNAELDFVW
PPKIDLPGYRPVSTPHARQIEQAVKLIGEAKKPVLYVGGGVIKADAHEE
LRAFAEYTGIPVVTTLMALGTFPESHELHMGMPGMHGTVSAVGALQRSD

LLIAIGSRFDDRVTGDVDTFAPDAKI ITHADIDPAEIGKIKQVEVPIVGD
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AREVLARLLETTKASKAETEDISEWVDYLKGLKARFPRGYDEQPGDLLA
PQFVIETLSKEVGPDAI YCAGVGQOHQMWAAQFVDFEKPRTWLNSGGLGT
MGYAVPAALGAKAGAPDKEVWAIDGDGCFQMTNQEL TTAAVEGFPIKIA
LINNGNLGMVROWQTLFYEGRYSNTKLRNQGEYMPDFVTLSEGLGCVAI
RVTKAEEVLPAIQKAREINDRPVVIDFIVGEDAQVWPMVSAGS SNSDIQ

YALGLRPFFDGDESAAEDPADIHEAVSDIDAAVESTEA

Corynebacterium glutamicum ilvN (Cg) amino acid
sequence:

(SEQ ID NO: 36)
MANSDVTRHILSVLVQDVDGIISRVSGMFTRRAFNLVSLVSAKTETHGI

NRITVVVDADELNIEQI TKQLNKLIPVLKVVRLDEETTIARAIMLVKVS
ADSTNRPQIVDAANIFRARVVDVAPDSVVIESTGTPGKLRALLDVMEPF

GIRELIQSGQIALNRGPKTMAPAKI

Escherichia coli ilvB(Ec) amino acid sequence:

(SEQ ID NO: 37)
MASSGTTSTRKRFTGAEFIVHFLEQQGIKIVTGIPGGSILPVYDALSQS

TQIRHILARHEQGAGFIAQGMARTDGKPAVCMACSGPGATNLVTAIADA
RLDSIPLICITGQVPASMIGTDAFQEVDTYGISIPITKHNYLVRHIEEL
PQVMSDAFRIAQSGRPGPVWIDIPKDVQTAVFEIETQPAMAEKAAAPAF
SEESIRDAAAMINAAKRPVLYLGGGVINAPARVRELAEKAQLPTTMTLM
ALGMLPKAHPLSLGMLGMHGVRSTNYILQEADLLIVLGARFDDRAIGKT
EQFCPNAKIIHVDIDRAELGKIKQPHVAIQADVDDVLAQLIPLVEAQPR
AEWHQLVADLQREFPCPIPKACDPLSHYGLINAVAACVDDNAIITTDVG
QHOMWTAQAYPLNRPROWLTSGGLGTMGFGLPAAIGAALANPDRKVLCF
SGDGSLMMNIQEMATASENQLDVKI ILMNNEALGLVHQQQSLFYEQGVFE
AATYPGKINFMQIAAGFGLETCDLNNEADPQASLQEIINRPGPALIHVR

IDAEEKVYPMVPPGAANTEMVGE

Escherichia coli ilvN (Ec) amino acid sequence:

(SEQ ID NO: 38)
MONTTHDNVILELTVRNHPGVMTHVCGLFARRAFNVEGILCLPIQDSDK

SHIWLLVNDDQRLEQMI SQIDKLEDVVKVQRNQSDPTMFNKIAVFEFQ

Escherichia coli ilvG (Ec) amino acid sequence:

(SEQ ID NO: 39)
MNGAQWVVHALRAQGVNTVFGYPGGAIMPVYDALYDGGVEHLLCRHEQG

AAMAATGYARATGKTGVCIATSGPGATNLI TGLADALLDSIPVVAITGQ
VSAPFIGTDAFQEVDILGLSLACTKHSFLVQSLEELPRIMAEAFDVASS
GRPGPVLVDIPKDIQLASGDLEPWFTTVENEVTFPHAEVEQARQMLAKA
QKPMLYVGGGVGMAQAVSALREFLAATKMPATCTLKGLGAVEADYPYYL

GMLGMHGTKAANFAVQECDLLIAVGARFDDRV TGKLNTFAPHASVIHMD
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-continued
IDPAEMNKLRQAHVALQGDLNALLPALQQPLN INDWQQY CAQLRDEHTW

RYDHPGDAIYAPLLLKQLSDRKPADCVVTTDVGQHOMWAAQHIAHTRPE
NFITSSGLGTMGFGLPAAVGAQVARPNDTVVCISGDGSFMMNVQELGTV
KRKQLPLKIVLLDNQRLGMVRQWQQLFFQERYSETTLTDNPDFLMLASA
FGIPGQHITRKDQVEAALD TMLNSDGPYLLHVSIDELENVWPLVPPGAS
NSEMLEKLS

Escherichia coli ilvM (Ec) amino acid sequence:

(SEQ ID NO: 40)
MMQHQVNV SARFNPETLERVLRVVRHRGFHVC SMNMAAASDAQNINIEL

TVASPRSVDLLFSQLNKLVDVAHVAICQSTTTSQQIRA

Escherichia coli ilvl (Ec) amino acid sequence:

(SEQ ID NO: 41)
MEML SGAEMVVRSLIDQGVKQVFGYPGGAVLD I YDALHTVGGIDHVLVR

HEQAAVHMADGLARATGEVGVVLVTSGPGATNAITGIATAYMDSIPLVV
LSGQVATSLIGYDAFQECDMVGI SRPVVKHSFLVKQTEDIPQVLKKAFW
LAASGRPGPVVVDLPKDILNPANKLPYVWPESVSMRSYNPTTTGHKGQI
KRALQTLVAAKKPVVYVGGGAITAGCHQQLKETVEALNLPVVCSLMGLG
AFPATHRQALGMLGMHGTYEANMTMHNADV IFAVGVRFDDRTTNNLAKY
CPNATVLHIDIDPTSISKTVTADIPIVGDARQVLEQMLELLSQESAHQP
LDEIRDWWQQIEQWRARQCLKYDTHSEKIKPQAVIETLWRLTKGDAYVT
SDVGQHQMFAALYYPFDKPRRWINSGGLGTMGFGLPAALGVKMALPEET
VVCVTGDGSIQMNIQELSTALQYELPVLVVNLNNRY LGMVKQWQDMIYS
GRHSQSYMQSLPDFVRLAEAYGHVGIQI SHPHELESKLSEALEQVRNNR
LVFVDVTVDGSEHVYPMQIRGGGMDEMWLSKTERT

Escherichia coli ilvIH(Ec) amino acid sequence:

(SEQ ID NO: 42)
MRRILSVLLENESGALSRVIGLFSQRGYNIESLTVAPTDDPTLSRMTIQ

TVGDEKVLEQIEKQLHKLVDVLRVSELGQGAHVEREIMLVKIQASGYGR
DEVKRNTEIFRGQIIDVTPSLYTVQLAGTSGKLSAFLASIRDVAKIVEV
ARSGVVGLSRGDKIMR

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of 2-aceto-hydroxy-butyrate to
2,3-dihydroxy-3-methylvalerate is derived from a yeast. An
example of a suitable source for this enzyme is the genus
Pichia, a preferred source is Picihia stipitis.

A specific example of a suitable sequence is:

Pichia stipitis ILVS (Ps) amino acid sequence:

(SEQ ID NO: 43)
MSFRRSSLRMAKMASAAASKQIASKRAMSALASAAKPVVSKQSMAPLAV

RGIKTINFGGTEEVVHERADWPREKLLEYFKNDTLALIGYGSQGYGQGL
NLRDNGLNVIIGVRKNGASWKAATIEDGWVPGENLFDVNEAI SKGTYIMN

LLSDAAQSETWASIKPQLTEGKTLYFSHGFSPVFKELTHVEPPTNIDVI
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LAAPKGSGRTVRSLFKEGRGINS SYAVWNDVTGKAEEKATALAVAIGSG
YVYQTTFEREVNSDLYGERGCLMGGIHGMFLAQYEVLRENGHTPSEAFN
ETVEEATQSLYPLIGKYGMDYMYDACS TTARRGALDWYPREKDALKPVE

NDLYESVKNGSETQRSLDFNSQPDYREKLEEELQVIRNMEIWRVGKEVR

KLRPENQ

Another exemplary sequence that contemplates the use of
a ketol-acid reductoismorease that has been modified to opti-
mize cytoplasmic expression is:

Pichia stipitis ILVS (Ps) A40 amino acid sequence:

(SEQ ID NO: 44)
MKQSMAPLAVRGIKTINFGGTEEVVHERADWPREKLLEYFKNDTLALIG

YGSQGYGQGLNLRDNGLNVIIGVRKNGASWKAATIEDGWVPGENLFDVNE
AISKGTYIMNLLSDAAQSETWASIKPQLTEGKTLYFSHGFSPVFKELTH
VEPPTNIDVILAAPKGSGRTVRSLFKEGRGINSSYAVWNDVTGKAEEKA
JALAVAIGSGYVYQTTFEREVNSDLYGERGCLMGGIHGMFLAQYEVLRE
NGHTPSEAFNETVEEATQSLYPLIGKYGMDYMYDACST TARRGALDWYP
RFKDALKPVFNDLYESVKNGSETQRSLDFNSQPDYREKLEEELQVIRNM
EIWRVGKEVRKLRPENQ

Other exemplary sequences are:

Saccharomyces cerevisiae ILVS amino acid sequence:

(SEQ ID NO: 45)
MLRTQAARLICNSRVITAKRTFALATRAAAYSRPAARFVKPMI TTRGLK

QINFGGTVETVYERADWPREKLLDYFKNDTFALIGYGSQGYGQGLNLRD
NGLNVIIGVRKDGASWKAAIEDGWVPGKNLFTVEDAIKRGSYVMNLLSD
ARQSETWPAIKPLLTKGKTLYFSHGFSPVFKDLTHVEPPKDLDVILVAP
KGSGRTVRSLFKEGRGINS SYAVWNDV TGKAHEKAQALAVAIGSGYVYQ
TTFEREVNSDLYGERGCLMGGIHGMFLAQYDVLRENGHSPSEAFNETVE
EATQSLYPLIGKYGMDYMYDACSTTARRGALDWYPIFKNALKPVFQDLY
ESTKNGTETKRSLEFNSQPDYREKLEKELDTIRNMEIWKVGKEVRKLRP

ENQ

Corynebacterium glutamicum 1lvC (cg) amino acid
sequence:

(SEQ ID NO: 46)
MAIELLYDADADLSLIQGRKVAIVGYGSQGHAHSQNLRDSGVEVVIGLR

EGSKSAEKAKEAGFEVKTTAEAAAWADVIMLLAPDTSQAEIFTNDIEPN
LNAGDALLFGHGLNIHFDLIKPADDIIVGMVAPKGPGHLVRRQFVDGKG
VPCLIAVDQDPTGTAQALTLSYAAAIGGARAGVIPTTFEAETVTDLFGE
QAVLCGGTEELVKVGFEVLTEAGYEPEMAYFEVLHELKLIVDLMFEGGI
SNMNYSVSDTAEFGGYLSGPRVIDADTKSRMKDILTDIQDGTFTKRLIA

NVENGNTELEGLRASYNNHPIEETGAKLRDLMSWVKVDARAETA
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Escherichia coli ilvC (Ec) amino acid sequence:

(SEQ ID NO: 47)
MANYFNTLNLRQOQLAQLGKCRFMGRDEFADGASYLQGKKVVIVGCGAQG

LNQGLNMRDSGLDISYALRKEATAEKRASWRKATENGFKVGTYEELIPQ
ADLVINLTPDKQHSDVVRTVQPLMKDGAALGYSHGFNIVEVGEQIRKDI
TVVMVAPKCPGTEVREEYKRGFGVPTLIAVHPENDPKGEGMAT AKAWAA
ATGGHRAGVLESSFVAEVKSDLMGEQTILCGMLQAGSLLCFDKLVEEGT
DPAYAEKLIQFGWETITEALKQGGITLMMDRLSNPAKLRAYALSEQLKE
IMAPLFQKHMDDIISGEFSSGMMADWANDDKKLLTWREETGKTAFETAP
QYEGKIGEQEYFDKGVLMIAMVKAGVELAFETMVDSGIIEESAYYESLH
ELPLIANTIARKRLYEMNVVISDTAEYGNYLFSYACVPLLKPFMAELQP
GDLGKAIPEGAVDNGQLRDVNEAIRSHAIEQVGKKLRGYMTDMKRIAVA
G

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of 2,3-dihydroxy-3-methylval-
erate to 2-keto-3-methylvalerate is derived from a yeast. An
example of a suitable source for this enzyme is the genus
Pichia, a preferred source is Picihia stipitis.

A specific example of a suitable sequence is:

Pichia stipitis ILV3 (Ps)amino acid sequence:

(SEQ ID NO: 48)
MSFLFKAAAARRVASKSPAAVARSFSVSATQCEKKLNKYSSIVTGDPSQ

GASQAMLYATGFDDADFNRAQIGVGSVWWSGNPCNMHLMELNNKCTESV
NRAGLKGMQFNSIGISDGITNGTEGMRYSLQSREIIADSFESMMLGQLY
DGNIAIPSCDKNMPGVLIAMARHNRPSIMVYGGTILPGQTTCGTNNPAI
ADKIDIISAFQSYGQYLTKSITNEERKDIVRHACPGPGACGGMYTANTM
ASAAECLGMSLPYSSSAPAVSKEKDAECANIGQAIKHLLEIDLKPRDIL
TKKSFENAIAYIIATGGSTNAVLHLIAIASSADIDLTVDDFQRISDSTP
LLADFKPSGQFVMADLQKYGGTPAVMKFLMNEGF IDGDQYTVTGKTIKE
NLASVKDLPADQPIIRPVSNPLKTSGHLQILKGSLAPGSAVGKITGKEG
TYFKGKARVFDDEGDFIVALEKGEIKKGEKTVCVIRYEGPKGGPGMPEM
LKPSSALMGYGLGKDVALLTDGRFSGGSHGFLIGHIVPEAAEGGPIGLV
YDGDEIVIDAENNKIDLLVDEAVLAERRKLWTAPEPRYTRGTLAKYARL
VSDASAGCVTDLPIKN

Another exemplary sequence that contemplates the use of
a dihydroxyacid dehydratase that has been modified to opti-
mize cytoplasmic expression is:
Pichia stipitis ILV3 (Ps)A34 amino acid sequence:

(SEQ ID NO: 49)
MKKLNKYSSIVTGDPSQGASQAMLYATGFDDADFNRAQIGVGSVWWSGN

PCNMHLMELNNKCTESVNRAGLKGMQFNSIGISDGITNGTEGMRYSLQS
REIIADSFESMMLGQLYDGNIAIPSCDKNMPGVLIAMARHNRPSIMVYG
GTILPGQTTCGTNNPAIADKIDIISAFQSYGQYLTKSITNEERKDIVRH

ACPGPGACGGMYTANTMASAAECLGMSLPYSSSAPAVSKEKDAECANIG
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QATKHLLEIDLKPRDILTKKSFENAIAYIIATGGSTNAVLHLIAIASSA
DIDLTVDDFQRISDSTPLLADFKPSGQFVMADLQKY GGTPAVMKE LMNE
GFIDGDQYTVTGKT IKENLASVKDLPADQPIIRPVSNPLKTSGHLQILK
GSLAPGSAVGKI TGKEGTYFKGKARVFDDEGDFIVALEKGEIKKGEKTV
CVIRYEGPKGGPGMPEMLKPS SALMGYGLGKDVALLTDGRFSGGSHGFEL
IGHIVPEAAEGGPIGLVYDGDEIVIDAENNKI DLLVDEAVLAERRKLWT
APEPRYTRGTLAKYARLVSDASAGCVTDLPIKN

Other exemplary sequences are:

Saccharomyces cerevisiae ILLV3 amino acid sequence:

(SEQ ID NO: 50)
MGLLTKVATSRQFSTTRCVAKKLNKYSYII TEPKGQGASQAML YATGFK

KEDFKKPQVGVGSCWWSGNPCNMHLLDLNNRCSQSIEKAGLKAMQFNTI
GVSDGISMGTKGMRYSLQSREITIADSFETIMMAQHYDANIAIPSCDKNM
PGVMMAMGRHNRPSIMVYGGTILPGHPTCGSSKISKNIDIVSAFQSYGE
YISKQFTEEEREDVVEHACPGPGSCGGMYTANTMASAAEVLGLTIPNSS
SFPAVSKEKLAECDNIGEYIKKTMELGILPRDILTKEAFENAITYVVAT
GGSTNAVLHLVAVAHSAGVKLSPDDFQRISDTTPLIGDFKPSGKYVMAD
LINVGGTQSVIKYLYENNMLHGNTMTVTGD TLAERAKKAPSLPEGQEII
KPLSHPIKANGHLQILYGSLAPGGAVGKITGKEGTYFKGRARVFEEEGA
FIEALERGEIKKGEKTVVVIRYEGPRGAPGMPEMLKPSSALMGYGLGKD
VALLTDGRFSGGSHGFLIGHIVPEAAEGGPIGLVRDGDEI ITDADNNKI

DLLVSDKEMAQRKQSWVAPPPRYTRGTLSKYAKLVSNASNGCVLDA

Corynebacterium glutamicum 1lvD (Cg) amino acid
sequence:

(SEQ ID NO: 51)
MIPLRSKVTTVGRNAAGARALWRATGTKENEFGKPIVAIVNSYTQFVPG

HVHLKNVGDIVADAVRKAGGVPKEFNTIAVDDGIAMGHGGMLYSLPSRE
IIADSVEYMVNAHTADAMVCISNCDKI TPGMLNAAMRLNIPVVEVSGGP
MEAGKAVVVDGVAHAPTDLITAISASASDAVDDAGLAAVEASACPTCGS
CSGMFTANSMNCLTEALGLSLPGNGSTLATHAARRALFEKAGETVVELC
RRYYGEEDESVLPRGIATKKAFENAMALDMAMGGSTNTILHILAAAQEG
EVDFDLADIDELSKNVPCLSKVAPNSDYHMEDVHRAGGIPALLGELNRG
GLLNKDVHSVHSNDLEGWLDDWDIRSGKTTEVATELFHAAPGGIRTTEA
FSTENRWDELDTDAAKGCIRDVEHAYTADGGLVVLRGNISPDGAVIKSA
GIEEELWNFTGPARVVESQEEAVSVILTKTIQAGEVLVVRYEGPSGGPG
MQEMLHPTAFLKGSGLGKKCALITDGRFSGGSSGLSIGHVSPEAAHGGV
IGLIENGDIVSIDVHNRKLEVQVSDEELQRRRDAMNAS EKPWQPVNRNR

VVTKALRAYAKMATSADKGAVRQVD
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Escherichia coli ilvD (Ec) amino acid sequence:

(SEQ ID NO: 52)
MPKYRSATTTHGRNMAGARALWRATGMTDADFGKPIIAVVNSFTQFVPG

HVHLRDLGKLVAEQIEAAGGVAKEFNTIAVDDGIAMGHGGMLYSLPSRE
LIADSVEYMVNAHCADAMVCISNCDKITPGMLMASLRLNIPVIFVSGGP
MEAGKTKLSDQIIKLDLVDAMIQGADPKVSDSQSDQVERSACPTCGSCS
GMFTANSMNCLTEALGLSQPGNGSLLATHADRKQLFLNAGKRIVELTKR
YYEQNDESALPRNIASKAAFENAMTLDIAMGGSTNTVLHLLAAAQEAET
DFTMSDIDKLSRKVPQLCKVAPSTQKYHMEDVHRAGGVIGILGELDRAG
LLNRDVKNVLGLTLPQTLEQYDVMLTQDDAVKNMFRAGPAGIRTTQAFS
QODCRWDTLDDDRANGCIRSLEHAYSKDGGLAVLYGNFAENGCIVKTAGV
DDSILKFTGPAKVYESQDDAVEAILGGKVVAGDVVVIRYEGPKGGPGMQ
EMLYPTSFLKSMGLGKACALITDGRFSGGTSGLSIGHVSPEAASGGSIG
LIEDGDLIAIDIPNRGIQLQVSDAELAARREAQDARGDKAWTPKNRERQ

VSFALRAYASLATSADKGAVRDKSKLGG

A third aspect of the invention provides a recombinant
microorganism comprising at least one DNA molecule,
wherein said at least one DNA molecule encodes (i) a
polypeptide that catalyzes a 2-keto-3-methyl-valerate to
2-methylbutanal conversion, and (ii) a polypeptide that cata-
lyzes a 2-methylbutanal to 2-methylbutanol conversion,
wherein said recombinant microorganism produces 2-meth-
ylbutanol.

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of 2-keto-3-methylvalerate to
2-methylbutanal is derived from a yeast. An example of a
suitable source for this enzyme is the genus Pichia, a pre-
ferred source is Pichia stipitis.

A specific example of a suitable sequence is:

Pichia stipitis PDC3-6 (Ps) amino acid sequence:

(SEQ ID NO: 53)
MTPVQETIRLPGTSSPTVPENVTLGEYLFLRISQANPKLRS IFGIPGDF

NVDLLEHLYSPVVAGRDIKFIGLCNELNGAYTADGYSRAIGGLSTFIST
FGVGELSAINGIAGSFAEFSPVLHIVGTTSLPQRDHAINGSDVRNHHHL
IQNKNPLCQPNHDVYKKMIEPISVIQESLDSDLQRNMEKIDRVLVKILQ
ESRPGYLFIPCDITNLIVPSYRLYETPLPLEIQLTTSGVEVLEDVVDAI
LFRLYKSKNPSLLSDCLTTRFNLQDKLNTLVAKLPSNFVKLFS TNMARN
IDESLSNFVGLYFGIGSSSKEVSRQLERNTDFLINLGYFNAETTTAGYS
NDFSNIEEYIEINPDYIKVNEHIINIKNPESGKRLFSMGQLLDALLFKL
DLNKIENINNNNISYKFFPPTLYEQDNNTDYIPQTKLVDYLNENLQPGD
LLVMDTMSFCFALPDIMLPQGVQLLTONYYGS IGYALPSTFGATMAVND
LGSDRRIILIEGDGAAQMTIQELSSFLKYKEFLPNMPKIFLINNDGY TV
ERMIKGPTRSYNDINGEWSWTQLLGVFGDKEQKYHS TALLRNVNEFNKY

FEFQRQTDNSKLEFIELIAGKYDCPLRFSEMFCKK



US 9,080,188 B2

33

Other exemplary sequences are:
Saccharomyces cerevisiae PDC1 amino acid sequence:

(SEQ ID NO: 54)

MSEITLGKYLFERLKQVNVNTVFGLPGDFNLSLLDKIYEVEGMRWAGNA
NELNAAYAADGYARIKGMSCIITTFGVGELSALNGIAGSYAEHVGVLHV
VGVPSISAQAKQLLLHHTLGNGDFTVFHRMSANISETTAMITDIATAPA
EIDRCIRTTYVTQRPVYLGLPANLVDLNVPAKLLQTPIDMSLKPNDAES
EKEVIDTILALVKDAKNPVILADACCSRHDVKAETKKLIDLTQFPAFVT
PMGKGSIDEQHPRYGGVYVGTLSKPEVKEAVESADLILSVGALLSDFNT
GSFSYSYKTKNIVEFHSDHMKIRNATFPGVOMKFVLQKLLTTIADAAKG
YKPVAVPARTPANAAVPAS TPLKQEWMWNQLGNFLQEGDVVIAETGTSA
FGINQTTFPNNTYGISQVLWGSIGFTTGATLGAAFAAEEIDPKKRVILFE
IGDGSLQLTVQEISTMIRWGLKPYLFVLNNDGYTIEKLIHGPKAQYNEI
QGWDHLSLLPTFGAKDYETHRVATTGEWDKLTQDKSFNDNSKIRMIEIM

LPVFDAPQNLVEQAKLTAATNAKQ

Pichia stipitis PDC1 (Ps) amino acid sequence:

(SEQ ID NO: 55)

MAEVSLGRYLFERLYQLOQVQTIFGVPGDFNLSLLDKIYEVEDAHGKNSF
RWAGNANELNASYAADGYSRVKRLGCLVTTFGVGELSALNGIAGSYAEH
VGLLHVVGVPSISSQAKQLLLHHTLGNGDF TVFHRMSNNISQTTAFISD
INSAPAEIDRCIREAYVKQRPVYIGLPANLVDLNVPASLLESPINLSLE
KNDPEAQDEVIDSVLDLIKKSLNPIILVDACASRHDCKAEVTQLIEQTQ
FPVFVTPMGKGTVDEGGVDGELLEDDPHLIAKVAARLSAGKNAASRFGG
VYVGTLSKPEVKDAVESADLILSVGALLSDFNTGSFSYSYRTKNIVEFH
SDYTKIRQATFPGVQOMKEALQELNKKVSSAASHYEVKPVPKIKLANTPA
TREVKLTQEWLWTRVSSWFREGDIIITETGTSSFGIVQSRFPNNTIGIS
QVLWGS IGFSVGATLGAAMAAQELDPNKRTILFVGDGSLQLTVQEISTM
IRWGTTPYLFVLNNDGYTIERLIHGVNASYNDIQPWQONLEILPTFSAKN
YDAVRISNIGEAEDILKDKEFGKNSKIRLIEVMLPRLDAPSNLAKQAAT

TAATNAEA

Saccharomyces cerevisiae PDCS amino acid sequence:

(SEQ ID NO: 56)

MSEITLGKYLFERLSQVNCNTVFGLPGDFNLSLLDKLYEVKGMRWAGNA

NELNAAYAADGYARIKGMSCIITTFGVGELSALNGIAGSYAEHVGVLHV

VGVPSISSQAKQLLLHHTLGNGDFTVFHRMSANISETTAMITD IANAPA

EIDRCIRTTYTTQRPVYLGLPANLVDLNVPAKLLETPIDLSLKPNDAEA

EAEVVRTVVELIKDAKNPVILADACASRHDVKAETKKLMDLTQFPVYVT

PMGKGAIDEQHPRYGGVYVGTLSRPEVKKAVESADLILSIGALLSDFNT

GSFSYSYKTKNIVEFHSDHIKIRNATFPGVOMKFALQKLLDAIPEVVKD

YKPVAVPARVPITKSTPANTPMKQEWMWNHLGNFLREGDIVIAETGTSA

FGINQTTFPTDVYAIVQVLWGSIGFTVGALLGATMAAEELDPKKRVILF
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-continued
IGDGSLQLTVQEISTMIRWGLKPYIFVLNNNGYTIEKLIHGPHAEYNET
QGWDHLALLPTFGARNYETHRVATTGEWEKLTQDKDFQDNSKIRMIEVM

LPVEDAPQNLVKQAQLTAATNAKQ

Saccharomyces cerevisiae PDC6 amino acid sequence:

(SEQ ID NO: 57)
MSEITLGKYLFERLKQVNVNTIFGLPGDFNLSLLDKIYEVDGLRWAGNA

NELNAAYAADGYARIKGLSVLVTTFGVGELSALNGIAGSYAEHVGVLHV
VGVPSISAQAKQLLLHHTLGNGDFTVFHRMSANISETTSMITDIATAPS
EIDRLIRTTFITQRPSYLGLPANLVDLKVPGSLLEKPIDLSLKPNDPEA
EKEVIDTVLELIQNSKNPVILSDACASRHNVKKETQKLIDLTQFPAFVT
PLGKGSIDEQHPRYGGVYVGTLSKQDVKQAVESADLILSVGALLSDFNT
GSFSYSYKTKNVVEFHSDYVKVKNATFLGVOMKFALONLLKVIPDVVKG
YKSVPVPTKTPANKGVPASTPLKQEWLWNELSKFLQEGDVIISETGTSA
FGINQTIFPKDAYGISQVLWGSIGFTTGATLGAAFAAEEIDPNKRVILFE
IGDGSLQLTVQEI STMIRWGLKPYLFVLNNDGYTIEKLIHGPHAEYNEI
QTWDHLALLPAFGAKKYENHKIATTGEWDALTTDSEFQKNSVIRLIELK

LPVFDAPESLIKQAQLTAATNAKQ

Saccharomyces cerevisiae THI3 amino acid sequence:

(SEQ ID NO: 58)
MNSSYTQRYALPKCIAISDYLFHRLNQLNIHTIFGLSGEFSMPLLDKLY

NIPNLRWAGNSNELNAAYAADGYSRLKGLGCLITTFGVGELSAINGVAG
SYAEHVGILHIVGMPPTSAQTKQLLLHHTLGNGDFTVFHRIASDVACYT
TLIIDSELCADEVDKCIKKAWIEQRPVYMGMPVNQVNLPIESARLNTPL
DLQLHKNDPDVEKEVISRILSFIYKSQNPAIIVDACTSROQNLIEETKEL
CNRLKFPVFVTPMGKGTVNETDPQFGGVFTGSISAPEVREVVDFADFII
VIGCMLSEFSTSTFHFQYKTKNCALLYSTSVKLKNATYPDLSIKLLLQK
ILANLDESKLSYQPSEQPSMMVPRPYPAGNVLLRQEWVWNEISHWFQPG
DIIITETGASAFGVNQTRFPVNTLGISQALWGSVGY TMGACLGAEFAVQ
EINKDKFPATKHRVILFMGDGAFQLTVQELSTIVKWGLTPY IFVMNNQG
YSVDRFLHHRSDASYYDIQPWNYLGLLRVFGCTNYETKKIITVGEFRSM
ISDPNFATNDKIRMIEIMLPPRDVPQALLDRWVVEKEQSKQVQEENENS

SAVNTPTPEFQPLLKKNQVGY

Saccharomyces cerevisiae ARO10 amino acid sequence:

(SEQ ID NO: 59)
MAPVTIEKFVNQEERHLVSNRSATIPFGEYIFKRLLSIDTKSVFGVPGD

FNLSLLEYLYSPSVESAGLRWVGTCNELNAAYAADGYSRYSNKIGCLIT
TYGVGELSALNGIAGSFAENVKVLHIVGVAKSIDSRSSNFSDRNLHHLV
PQLHDSNFKGPNHKVYHDMVKDRVACSVAYLEDIETACDQVDNVIRDIY

KYSKPGYIFVPADFADMSVTCDNLVNVPRISQQODCIVYPSENQLSDIIN
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_continued Lactococcus  lactis  KdcA-S286Y(LL1) amino acid
KITSWIYSSKTPAILGDVLTDRYGVSNFLNKLICKTGIWNFSTVMGKSY sequence:
IDESNPTYMGQYNGKEGLKQVYEHFELCDLVLHFGVDINEINNGHYTFT s (SEQ ID NO: 62)

MYTVGDYLLDRLHELGI EEIFGVPGDYNLQFLDQI I SREDMKWIGNANE
YKPNAKITIQFHPNY IRLVDTRQGNEQMFKGINFAPILKELYKRIDVSKL LNASYMADGYARTKKAAAFLTTFGVGELSAINGLAGSYAENLPVVEIVG
SPTSKVONDGKFVHHTLADGDFKHFMKMHEPV TAARTLLTAENATYEID

10
RVLSQLLKERKPVYINLPVDVAAAKAEKPALSLEKESSTTNTTEQVILS

SLQYDSNVTQYTNETMRLEDPTNGQSSIITQVHLQKTMPKFLNPGDVVV

CETGSFQFSVRDFAFPSQLKYISQGFFLSIGMALPAALGVGIAMODHSN KIEESLKNAQKPVVIAGHEVISFGLEKTVTQFVSETKLPITTLNFGKSA

VDESLPSFLGIYNGKLSEISLKNFVESADFILMLGVKLTDYSTGAFTHH

15
LDENKMISLNIDEGIIFNKVVEDFDFRAVVSSLSELKGIEYEGQYIDKQ

AHINGGNVKEDYKPRLILFEGDGAAQMTIQELSTILKCNIPLEVIIWNN

NGYTIERAIMGPTRSYNDVMSWKWTKLFEAFGDFDGKYTNSTLIQCPSK
YEEFIPSSAPLSQDRLWQAVESLTQSNETIVAEQGTSFFGASTIFLKSN

LALKLEELKNSNKRSGIELLEVKLGELDFPEQLKCMVEAAALKRNKK SRFIGQPLWGSIGYTFPAALGSQIADKESRHLLFIGDGSLQLTVQELGL
20

. . . SIREKLNPICFIINNDGYTVEREIHGPTQSYNDIPMWNYSKLPETFGAT
Mycobacterium Kde(Mt) amino acid sequence: @

EDRVVSKIVRTENEFVSVMKEAQADVNRMYWIELVLEKEDAPKLLKKMG

(SEQ ID NO: 60) KLFAEQNK
MTPQKSDACSDPVYTVGDYLLDRLAELGVSEIFGVPGDYNLQFLDHIVA .
HPTIRWVGSANELNAGYAADGYGRLRGMSAVVTTFGVGELSVTNAIAGS Lactococcus  lactis  KdcA-F381W(L1) amino acid
sequence:
YAEHVPVVHIVGGPTKDAQGTRRALHHSLGDGDFEHFLRISREITCAQA
NLMPATAGREIDRVLSEVREQKRPGYILLSSDVARFPTEPPAAPLPRYP
© 30 (SEQ ID NO: 63)

MYTVGDYLLDRLHELGIEEIFGVPGDYNLQFLDQIISREDMKWIGNANEL
GGTSPRALSLFTKAATIELIADHQLTVLADLLVHRLQAVKELEALLAADV

NASYMADGYARTKKAAAFLTTFGVGELSAINGLAGSYAENLPVVEIVGSP
VPHATLMWGKSLLDESSPNFLGIYAGAASAERVRAAIEGAPVLVTAGVV

TSKVQNDGKFVHHTLADGDFKHFMKMHEPVTAARTLLTAENATYEIDRVL

35 SQLLKERKPVYINLPVDVAAAKAEKPALSLEKESSTTNTTEQVILSKIEE

FTDMVSGFFSQRIDPARTIDIGQYQSSVADQVFAPLEMSAALQALATIL

TGRGISSPPVVPPPAEPPPAMPARDEPLTQOMVWDRVCSALTPGNVVLA

SLKNAQKPVVIAGHEVISFGLEKTVTQFVSETKLPITTLNFGKSAVDESL
DQGTSFYGMADHRLPQGVTFIGQPLWGSIGYTLPAAVGAAVAHPDRRTV

PSFLGIYNGKLSEISLKNFVESADFILMLGVKLTDS STGAF THHLDENKM
LLIGDGAAQLTVQELGTFSREGLSPVIVVVNNDGYTVERAIHGETAPYN

40 ISLNIDEGIIFNKVVEDFDFRAVVSSLSELKGIEYEGQYIDKQYEEFIPS
DIVSWNWTELPSALGVTNHLAFRAQTYGQLDDALTVAAARRDRMVLVEV

SAPLSQDRLWQAVESLTQSNETIVAEQGTSWFGASTIFLKSNSRFIGQPL
VLPRLEIPRLLGQLVGSMAPQ
WGSIGYTFPAALGSQIADKESRHLLFIGDGSLQLTVQELGLSIREKLNPI

Lactococcus lactis KdcA(LL1) amino acid sequence:
45 CFIINNDGYTVEREIHGPTQSYNDIPMWNYSKLPETFGATEDRVVSKIVR

TENEFVSVMKEAQADVNRMYWIELVLEKEDAPKLLKKMGKLFAEQNK
(SEQ ID NO: 61)

MYTVGDYLLDRLHELGI EEIFGVPGDYNLQFLDQI I SREDMKWIGNANE . . .
Lactococcus lactis KdcAS286Y, F381W (L.1) amino acid

LNASYMADGYARTKKAAAFLTTFGVGELSAINGLAGSYAENLPVVEIVG 50 sequence:

SPTSKVONDGKFVHHTLADGDFKHFMKMHEPV TAARTLLTAENATYEID

RVLSQLLKERKPVY INLPVDVAAAKAEKPALSLEKESSTTNTTEQVILS (SEQ ID NO: 64)
MYTVGDYLLDRLHELGI EEIFGVPGDYNLQFLDQI I SREDMKWIGNANEL

KIEESLKNAQKPVVIAGHEVISFGLEKTVTQFVSETKLPITTLNFGKSA
55 NASYMADGYARTKKAAAFLTTFGVGELSAINGLAGSYAENLPVVEIVGSP

VDESLPSFLGIYNGKLSEISLKNFVESADFILMLGVKLTDSSTGAFTHH
TSKVQNDGKFVHHTLADGDFKHFMKMHEPVTAARTLLTAENATYEIDRVL

LDENKMISLNIDEGIIFNKVVEDFDFRAVVSSLSELKGIEYEGQYIDKQ
SQLLKERKPVYINLPVDVAAAKAEKPALSLEKESSTTNTTEQVILSKIEE

YEEFIPSSAPLSQDRLWQAVESLTQSNETIVAEQGTSFFGASTIFLKSN

60 SLKNAQKPVVIAGHEVISFGLEKTVTQFVSETKLPITTLNFGKSAVDESL

SRFIGQPLWGSIGYTFPAALGSQIADKESRHLLFIGDGSLQLTVQELGL
PSFLGIYNGKLSEISLKNFVESADFILMLGVKLTDYSTGAFTHHLDENKM

SIREKLNPICFIINNDGYTVEREIHGPTQSYNDIPMWNYSKLPETFGAT
ISLNIDEGIIFNKVVEDFDFRAVVSSLSELKGIEYEGQYIDKQYEEFIPS

EDRVVSKIVRTENEFVSVMKEAQADVNRMYWIELVLEKEDAPKLLKKMG
SAPLSQDRLWQAVESLTQSNETIVAEQGTSWFGASTIFLKSNSRFIGQPL
65

WGSIGYTFPAALGSQIADKESRHLLFIGDGSLQLTVQELGLSIREKLNPI

KLFAEQNK
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-continued
CFIINNDGYTVEREIHGPTQSYNDIPMANY SKLPETFGATEDRVVSKIVR
TENEFVSVMKEAQADVNRMYWIELVLEKEDAPKLLKKMGKLFAEQNK

Pichia stipitis PDC2 (Ps) amino acid sequence:

(SEQ ID NO: 65)
MVSTYPESEVTLGRYLFERLHQLKVDTIFGLPGDFNLSLLDKVYEVPDMR

WAGNANELNAAYAADGYSRIKGLSCLVTTFGVGELSALNGVGGAYAEHVG
LLHVVGVPSISSQAKQLLLHHTLGNGDFTVFHRMSNSISQTTAFLSDISI
APGQIDRCIREAYVHQRPVYVGLPANMVDLKVPSSLLETPIDLKLKQNDP
EAQEEVVETVLKLVSQATNPIILVDACALRHNCKEEVKQLVDATNFQVET
TPMGKSGISESHPRFGGVYVGTMSSPQVKKAVENADLILSVGSLLSDFNT
GSFSYSYKTKNVVEFHSDYMKIRQATFPGVOMKEALQQLIKRVSSYINPS
YIPTRVPKRKQPLKAPSEAPLTQEYLWSKVSGWFREGDIIVTETGTSAFG
IIQSHFPSNTIGISQVLWGSIGFTVGATVGAAMAAQEIDPSRRVILEFVGD
GSLOLTVQEISTLCKWDCNNTYLYVLNNDGYTIERLIHGKSASYNDIQPW
NHLSLLRLFNAKKYQNVRVSTAGELDSLFSDKKFASPDRIRMIEVMLSRL
DAPANLVAQAKLSERVNLEN

In particular embodiments of the invention, polypeptide
catalyzing the conversion of 2-methylbutanal to 2-methylbu-
tanol is derived from a yeast. An example of a suitable source
for this enzyme is the genus Saccharomyces, a preferred
source is Saccharomyces cerevisiae.

A specific example of a suitable sequence is:
Saccharomyces cerevisiae ADH6 amino acid sequence:

(SEQ ID NO: 66)
MSYPEKFEGIAIQSHEDWKNPKKTKYDPKPFYDHDIDIKIEACGVCGSDI

HCAAGHWGNMKMPLVVGHE IVGKVVKLGPKSNSGLKVGQRVGVGAQVESC
LECDRCKNDNEPYCTKFVTTYSQPYEDGYVSQGGYANYVRVHEHFVVPIP
ENIPSHLAAPLLCGGLTVYSPLVRNGCGPGKKVGIVGLGGIGSMGTLISK
AMGAETYVISRSSRKREDAMKMGADHY IATLEEGDWGEKYFDTFDLIVVC
ASSLTDIDFNIMPKAMKVGGRIVSISIPEQHEMLSLKPYGLKAVSISYSA
LGSIKELNQLLKLVSEKDIKIWVETLPVGEAGVHEAFERMEKGDVRYRFT
LVGYDKEFSD

Other exemplary sequences are:
Saccharomyces cerevisiae ADH1 amino acid sequence:

(SEQ ID NO: 67)
MSIPETQKGVIFYESHGKLEYKDIPVPKPKANELLINVKYSGVCHTDLHA

WHGDWPLPVKLPLVGGHEGAGVVVGMGENVKGWKIGDYAGIKWLNGSCMA
CEYCELGNESNCPHADLSGYTHDGSFQQYATADAVQAAHIPQGTDLAQVA
PILCAGITVYKALKSANLMAGHWVAISGAAGGLGSLAVQYAKAMGYRVLG
IDGGEGKEELFRSIGGEVFIDFTKEKDIVGAVLKATDGGAHGVINVSVSE
AATEASTRYVRANGTTVLVGMPAGAKCCSDVFNQVVKSISIVGSYVGNRA

DTREALDFFARGLVKSPIKVVGLSTLPEIYEKMEKGQIVGRYVVDTSK
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Saccharomyces cerevisiae ADH2 amino acid sequence:

(SEQ ID NO: 68)
MSIPETQKAIIFYESNGKLEHKDIPVPKPKPNELLINVKYSGVCHTDLHA

WHGDWPLPTKLPLVGGHEGAGVVVGMGENVKGWKIGDYAGI KWLNGSCMA
CEYCELGNESNCPHADLSGYTHDGSFQEYATADAVQAAHIPQGTDLAEVA
PILCAGITVYKALKSANLRAGHWAAI SGAAGGLGSLAVQYAKAMGYRVLG
IDGGPGKEELFTSLGGEVFIDFTKEKDIVSAVVKATNGGAHGIINVSVSE
AATEASTRYCRANGTVVLVGLPAGAKCSSDVFNHVVKSISIVGSYVGNRA

DTREALDFFARGLVKSPIKVVGLSSLPEIYEKMEKGQIAGRYVVDTSK

Saccharomyces cerevisiae ADH3 amino acid sequence:

(SEQ ID NO: 69)
MLRTSTLFTRRVQPSLFSRNILRLQSTAAI PKTQKGVIFYENKGKLHYKD

IPVPEPKPNEILINVKYSGVCHTDLHAWHGDWPLPVKLPLVGGHEGAGVV
VKLGSNVKGWKVGDLAGIKWLNGSCMTCEFCESGHESNCPDADLSGY THD
GSFQQFATADATIQAAKIQQGTDLAEVAPILCAGVTVYKALKEADLKAGDW
VAISGAAGGLGSLAVQYATAMGYRVLGIDAGEEKEKLFKKLGGEVFIDFT
KTKNMVSDIQEATKGGPHGVINVSVSEAAISLSTEYVRPCGTVVLVGLPA
NAYVKSEVFSHVVKSINIKGSYVGNRADTREALDFFSRGLIKSPIKIVGL

SELPKVYDLMEKGKILGRYVVDTSK

Pichia stipitis ADH3 (Ps) amino acid sequence:

(SEQ ID NO: 70)
MSKSTSTTVPAKF SGFAVDKPENWNKAKLVQYDPKPFKPYDITIKVICCG

VCGSDCHTVLGSWGPLNRDDLVVGHEIVGEVIEIGSEVTNHKLGDIVAVG
AQSDSCGECELCENNNEQYCRDGIAATYNFPNKRCGGYVTQGGYASHLRV
NSYFAASVPKNLDVHYAAPLLCGGLTVYSPIVRHGGYDLKDKRIGIVGIG
GLGSMAIQIANALGAKEVVAFSRTSDKKEDALKLGASRIIATKEDPDWSK
SNAATFDIILNCASFGKGVNFDSFFGALKLGGKYVNVSAPPSDELISLSP
RNLIFGGFSIVGSVIGSMKEANELLKLYADNNLAPWIEKVPISEEGVHTV

MNRINVSDVKYRFVLTDYDKAFNN

Pichia stipitis ADH6 (Ps) amino acid sequence:

(SEQ ID NO: 71)
MTTSRTVPEKFSGFGVDKAENWNKARLVRFDPKPLMPYDITIKVIACAVC

GSDCHTVTGNFGPINRDDLVVGHEIVGEVIEVGPEVTKHKLGDVVAIGAQ
SDSCGECNRCKSNNEQYCQKGTVGTYNSLSKKCGGY ITQGGYASHVRVNS
HFAARVPANLDVHHAAPLLCGGLTVYSPIVRHAGYDLKEKVIGIVGIGGL
GSMAIQIAKALGAKEVVAFSRSSSKKEDAFKMGASKYIATKEDTEWANSN
LDTFDMILNCASFGKGVDYDSFIRTLKLGGKYVTVSAPPADESITIAPEFN
LLIGGGIIAGSGIGSMKEADELLKLYADNNLAPWIEKVPISEEGVHKVMN

RISVGDVRYRFVLTDFDQAFDSKW
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Saccharomyces cerevisiae ADH7 amino acid sequence:

(SEQ ID NO: 72)
MLYPEKFQGIGISNAKDWKHPKLVSFDPKPFGDHDVDVEI EACGICGSDF

HIAVGNWGPVPENQILGHEIIGRVVKVGSKCHTGVKIGDRVGVGAQALAC
FECERCKSDNEQYCTNDHVLTMWTPYKDGYISQGGFASHVRLHEHFAIQI
PENIPSPLAAPLLCGGITVFSPLLRNGCGPGKRVGIVGIGGIGHMGILLA
KAMGAEVYAFSRGHSKREDSMKLGADHY IAMLEDKGWTEQYSNALDLLVV
CSSSLSKVNFDSIVKIMKIGGSIVSIAAPEVNEKLVLKPLGLMGVSISSS
AIGSRKEIEQLLKLVSEKNVKIWVEKLPISEEGVSHAFTRMESGDVKYRF
TLVDYDKKFHK

Pichia stipitis ADH7 (Ps) amino acid sequence:

(SEQ ID NO: 73)
MGYPDTFQGFAVNDTSKWS EVEKMDFKPKTFGPLDIDIKIKACGVCGSDV

HTVTGGWDQPRLPVIVGHEIVGEVVKVGDNVSSFKIGDRVGMGAQAWACL
ECDVCKNGDEIYCPKWVDTYNDVYPDGSLAYGGYSSHVRVHEHFAFPIPE
ALSTEGVAPMLCAGITTYSPLVRNGAGPGKKVGVVGVGGLGHFAIMWARA
LGCEVYVFSRSLSKKDDAIKLGADHYIATGEENWNEPYKYKLDLILSTAN
SNSGFDMGAYLSTLRVHGKYIALGLPEDDFKVSPESLLKNGCFVGSSHLG
NRQEMIDMLNLAAEKGI EAWYEAVPIGKQGIKEALERCQSGKVKYRFTLT

DYEKQFE

Saccharomyces cerevisiae GRE2 amino acid sequence:

(SEQ ID NO: 74)
MSVFVSGANGFIAQHIVDLLLKEDYKVIGSARSQEKAENLTEAFGNNPKF

SMEVVPDISKLDAFDHVFQKHGKDIKIVLHTASPFCFDITDSERDLLIPA
VNGVKGILHSIKKYAADSVERVVLTSSYAAVFDMAKENDKSLTFNEESWN
PATWESCQSDPVNAYCGSKKFAEKAAWEFLEENRDSVKFELTAVNPVYVFE
GPOMFDKDVKKHLNTSCELVNSLMHLSPEDKI PELFGGYIDVRDVAKAHL
VAFQKRETIGQRLIVSEARFTMQDVLDILNEDFPVLKGNIPVGKPGSGAT

HNTLGATLDNKKSKKLLGFKFRNLKETIDDTASQILKFEGRI

Pichia stipitis GRE2 (Ps) amino acid sequence:

(SEQ ID NO: 75)
MTSVFVSGATGFIAQHVVKDLLAKNYTVIGSVRSASKGDHLAELLGSKKF

SYEVVEDIEKEGAFDAALEKHPEVSVFLHTASPFHFKATDNEKELLLPAV
NGTKNAFRAIQLHGKNVTNVVLTSSYAAVGTASKDANKDEVINEESWNEI
TWEEALKDPVSGYRGSKTFAEKAAWEFLKENNPKFVLSVVNPTFVEFGPQA
FDSEVKDSLNTSSEVINALLKSGANGVVPPVKGGFVDVRDVSSAHITAFE
KEAAYGOQRLILNSTRFTAQEIVDILNKRFPELVGKIPVGEPGTGPSLRAN

NATIDNTKTKKILGVSEFIGLEKSVVDSVSQILRTRK
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Saccharomyces cerevisiae SFA1 amino acid sequence:

(SEQ ID NO: 76)
MSAATVGKPIKCIAAVAYDAKKPLSVEEITVDAPKAHEVRIKIEYTAVCH

TDAYTLSGSDPEGLFPCVLGHEGAGIVESVGDDVITVKPGDHVIALYTAE
CGKCKFCTSGKTNLCGAVRATQGKGVMPDGTTRFHNAKGEDIYHFMGCST
FSEYTVVADVSVVAIDPKAPLDAACLLGCGVTTGFGAALKTANVQKGDTV
AVFGCGTVGLSVIQGAKLRGASKITIAIDINNKKKQYCSQFGATDFVNPKE
DLAKDQTIVEKLIEMTDGGLDFTFDCTGNTKIMRDALEACHKGWGQSIII
GVAAAGEEISTRPFQLVTGRVWKGSAFGGIKGRSEMGGLIKDYQKGALKV

EEFITHRRPFKEINQAFEDLHNGDCLRTVLKSDEIK

Saccharomyces cerevisiae YPR1 amino acid sequence:

(SEQ ID NO: 77)
MPATLKNS SATLKLNTGAS IPVLGFGTWRSVDNNGYHSVIAALKAGYRHI

DAAATYLNEEEVGRAIKDSGVPREEIFITTKLWGTEQRDPEAALNKSLKR
LGLDYVDLYLMHWPVPLKTDRVTDGNVLCIPTLEDGTVDIDTKEWNFIKT
WELMQELPKTGKTKAVGVSNFSINNIKELLESPNNKVVPATNQIEIHPLL
PODELIAFCKEKGIVVEAYSPFGSANAPLLKEQAIIDMAKKHGVEPAQLI
ISWSIQRGYVVLAKSVNPERIVSNFKIFTLPEDDFKTISNLSKVHGTKRV

VDMKWGSFPIFQ

Mycobacterium ADH1(Mt) amino acid sequence:

(SEQ ID NO: 78)
MPAPDTIRPHSTSIRAAVFDGTISVEPVDLADPRPGEVRVKIAAAGVCHS

DLHVTTGAWDVPAPVVLGHEGSGVVTAVGEGVDDLEPGDHVVLSWVPGCG
ECRYCKAGRPAQCSLVASVVAVKGTLYDGTTRLSNERGTVHHYLGVSSYA
EQVVVPRNGAIKVRKDAPLEDIAIVGCAIATGVGAVRNTAGVEPGSTVAV
IGCGGVGLACVQGARLAGASRIVAVDVVAEKLELARKLGATDAVDASATD
DVVAAMREVLPDGYDYVFDAIGKIATTEQAIAALGLGGAAVIVGLPPQGE
RASFDPLTLAEADQRILGSNYGSAVPERDIPALVDEVMAGNLDLASMISG

RRPLEEAAAALDDLAAGHALRQLLIPSA

Mycobacterium ADHs(Mt) amino acid sequence:

(SEQ ID NO: 79)
MRAVDGFPGRGAVITGGASGIGLATGTEFARRGARVVLGDVDKPGLRQAV

NHLRAEGFDVHSVMCDVRHREEVTHLADEAFRLLGHVDVVFSNAGIVVGG
PIVEMTHDDWRWVIDVDLWGS IHTVEAFLPRLLEQGTGGHVVFTASFAGL
VPNAGLGAYGVAKYGVVGLAETLAREVTADGIGVSVLCPMVVETNLVANS
ERIRGAACAQSSTTGSPGPLPLODDNLGVDDIAQLTADAILANRLYVLPH

AASRASIRRRFERIDRTFDEQAAEGWRH
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Mycobacterium dhb(Mt) amino acid sequence:

(SEQ ID NO: 80)
MKTKGALIWEFNQPWSVEEIEIGDPRKDEVKIQMEAAGMCRSDHHLVTGD

IPMAGFPVLGGHEGAGIVTEVGPGVDDFAPGDHVVLAFIPSCGKCPSCQA
GMRNLCDLGAGLLAGESVTDGSFRIQARGONVYPMTLLGTFSPYMVVHRS
SVVKIDPSVPFEVACLVGCGVTTGYGSAVRTADVRPGDDVAIVGLGGVGM
AALQGAVSAGARYVFAVEPVEWKRDQALKFGATHVYPDINAALMGIAEVT
YGLMAQKVIITVGKLDGADVDSYLTITAKGGTCVLTAIGSLVDTQVTLNL
AMLTLLQKNIQGTIFGGGNPHYDIPKLLSMYKAGKLNLDDMVTTAYKLEQ
INDGYQDMLNGKNIRGVIRYTDDDR

Equus caballus ADHE(Horse) amino acid sequence:

(SEQ ID NO: 81)
MSTAGKVIKCKAAVLWEEKKPFSIEEVEVAPPKAHEVRIKMVATGICRSD

DHVVSGTLVTPLPVIAGHEAAGIVESIGEGVTTVRPGDKVIPLFTPQCGK
CRVCKHPEGNFCLKNDLSMPRGTMQDGTSRFTCRGKPIHHFLGTSTFSQY
TVVDEISVAKIDAASPLEKVCLIGCGFSTGYGSAVKVAKVTQGSTCAVFEG
LGGVGLSVIMGCKAAGAARIIGVDINKDKFAKAKEVGATECVNPQDYKKP
IQEVLTEMSNGGVDFSFEVIGRLDTMVTALSCCQEAYGVSVIVGVPPDSQ
NLSMNPMLLLSGRTWKGAIFGGFKSKDSVPKLVADFMAKKFALDPLITHV
LPFEKINEGFDLLRSGESIRTILTF

Steps a) to 1) discussed above, converting malate to threo-
nine, can be achieved through an alternative pathway, which
is illustrated in FIG. 2. This pathway describes the conversion
of pyruvate (and acetal CoA) to citramalate (step a'), citra-
malate to erythro-beta-methyl-D-malate (2-methylfumaric
acid) (step b'), and erythro-beta-methyl-D-malate to 2-ox-
obutanoate (step c'). The product of step ¢' enters the pathway
shown in FIG. 1 at step j.

The designations provide examples of enzymes that cata-
lyze particular reactions in the overall pathway. For example,
citramalate synthase is an example of a designation for the
enzyme that catalyzes step a'. Because enzymatic nomencla-
ture various between organisms, it should be noted that the
names provided below are merely illustrative of a class of
enzymes that catalyze the particular steps of the pathway. The
enzymes contemplated for use with the invention are those
that catalyze the reactions illustrated and are not limited to the
enzymatic names provided.

The designations in the figure are:

Step a') citramalate synthase [EC 4.1.3.22] or 2-isopropyl-
malate synthase [EC 2.3.3.13];

Step b') an isopropylmalate isomerase [EC 4.2.1.33]; and
Step c¢') isopropylmalate dehydrogenase [EC 1.1.1.85].

A fourth aspect of the invention provides a recombinant
microorganism comprising at least one DNA molecule,
wherein said at least one DNA molecule encodes at least two
polypeptides that catalyze a substrate to product conversion
selected from the group consisting of steps a') through ¢'), and
wherein said recombinant microorganism produces 2-meth-
ylbutanol.

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of pyruvate (and acetal CoA) to
citramalate is derived from a bacterium. An example of a
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suitable source for this enzyme is the genus Thermotoga, a
preferred source is Thermotoga maritima.

A specific example of a suitable sequence is:
Thermatoga maritima leuA amino acid sequence:

(SEQ ID NO: 82)
MSIKVYDTTLRDGAQAFGVSFSLEDKIRIAEALDDLGVHYLEGGWPGSNP

KDIAFFEAVKGMNFKNLKVAAFSSTRRPDVKIEEDANIQTLIKAETPVYT
IFGKSWDLHVEKALRTTLEENLKMIYDTVSYLKRFADEVIYDAEHFFDGY
KANREYALKTLKVAEEAGADCLVLADTNGGTLPHEIEEI IEDVKKHVKAP
LGIHAHNDSDVAVANTLAAVRKGAVHVQGTINGLGERCGNANLCSVIPNL
VLKMGLEVIPKENLKKLFDVAHLVAELSGRPHIENMPYVGDYAFAHKGGV
HVSAIKRDPRTYEHIDPELVGNRRIISISELSGKSNVLEKIKEMGFEIDE
SSPKVREILKKIKELEAQGYHFEGAEASFELLVRDMLGKRKKYFEFLGFT
VMTIKNRDEESFSEATVKVRVPDEVAKRLGHDEPFEHTAAEGEGPVEALD
RAVRKALEKFYPSLKDTKLTDYKVRILNEQAGTKATTRVLIESSDGKRRW
GTVGVSPNIIEASWTALLESLEYKLHKDEEEMRNDEEN

Other exemplary sequences are:
Thermatoga maritima leuA truncated (i) amino acid
sequence:

(SEQ ID NO: 83)
MSIKVYDTTLRDGAQAFGVSFSLEDKIRIAEALDDLGVHYLEGGWPGSNP

KDIAFFEAVKGMNFKNLKVAAFSSTRRPDVKIEEDANIQTLIKAETPVYT
IFGKSWDLHVEKALRTTLEENLKMIYDTVSYLKRFADEVIYDAEHFFDGY
KANREYALKTLKVAEEAGADCLVLADTNGGTLPHEIEEI IEDVKKHVKAP
LGIHAHNDSDVAVANTLAAVRKGAVHVQGTINGLGERCGNANLCSVIPNL
VLKMGLEVIPKENLKKLFDVAHLVAELSGRPHIENMPYVGDYAFAHKGGV
HVSAIKRDPRTYEHIDPELVGNRRIISISELSGKSNVLEKIKEMGFEIDE
SSPKVREILKKIKELEAQGYHFEGAEASFELL

Thermatoga maritima leuA truncated (ii) amino acid
sequence:

(SEQ ID NO: 84)
MSIKVYDTTLRDGAQAFGVSFSLEDKIRIAEALDDLGVHYLEGGWPGSNP

KDIAFFEAVKGMNFKNLKVAAFSSTRRPDVKIEEDANIQTLIKAETPVYT
IFGKSWDLHVEKALRTTLEENLKMIYDTVSYLKRFADEVIYDAEHFFDGY
KANREYALKTLKVAEEAGADCLVLADTNGGTLPHEIEEI IEDVKKHVKAP
LGIHAHNDSDVAVANTLAAVRKGAVHVQGTINGLGERCGNANLCSVIPNL
VLKMGLEVIPKENLKKLFDVAHLVAELSGRPHIENMPYVGDYAFAHKGGV

HVSAIKRDPRTYEHID

Synechocystis leuA amino acid sequence:

(SEQ ID NO: 85)
MATKKTSLWLYDTTLRDGAQREGISLSLTDKLTIARRLDQLGIPFIEGGW

PGANPKDVQFFWQLQEEPLEQAEIVAFCSTRRPHKAVETDKMLQAILSAG
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-continued
TRWVTIFGKSWDLHVLEGLQTSLAENLAMI SDTIAYLRSQGRRVIYDAEH

WFDGYRANPDYALATLATAQQAGAEWLVMCDTNGGTLPGQISEITTKVRR
SLGLDGQSDRQPQLGIHAHND SGTAVANSLLAVEAGATMVQGTINGYGER
CGNANLCTLIPNLQLKLDYDCIEPEKLAHLTSTSRLISEIVNLAPDDHAP
FVGRSAFAHKGGIHVSAVQRNPFTYEHIAPNLVGNERRIVVSEQAGLSNV
LSKAELFGIALDRQNPACRTILATLKDLEQQGYQFEAAEASFELLMRQAM
GDRQPLFLVQGFQVHCDLLTPAENPAYRNALATVKVTVNGONILEVAEGN
GPVSALDQALRKALTRFYPQIADFHLTDYKVRILDGGAGTSAKTRVLVES
SNGDRRWTTVGVSGNILEASYQAVVEGIEYGLRLLTCGLTNQEAISS

Geobacter sulfurreducens cimA amino acid sequence:

(SEQ ID NO: 86)
MSLVKLYDTTLRDGTQAEDISFLVEDKIRIAHKLDEIGIHYIEGGWPGSN

PKDVAFFKDIKKEKLSQAKIAAFGSTRRAKVTPDKDHNLKTLIQAEPDVC
TIFGKTWDFHVHEALRISLEENLELIFDSLEYLKANVPEVFYDAEHFFDG
YKANPDYAIKTLKAAQDAKADCIVLCDTNGGTMPFELVEIIREVRKHITA
PLGIHTHNDSECAVANSLHAVSEGIVQVQGTINGFGERCGNANLCSIIPA
LKLKMKRECIGDDQLRKLRDLSRFVYELANLSPNKHQAYVGNSAFAHKGG
VHVSAIQRHPETYEHLRPELVGNMTRVLVSDLSGRSNILAKAEEFNIKMD
SKDPVTLEILENIKEMENRGYQFEGAEASFELLMKRALGTHRKFFSVIGFE
RVIDEKRHEDQKPLSEATIMVKVGGKIEHTAAEGNGPVNALDNALRKALE
KFYPRLKEVKLLDYKVRVLPAGQGTASSIRVLIESGDKESRWGTVGVSEN

IVDASYQALLDSVEYKLHKSEEIEGSKK

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of citramalate to erythro-beta-
methyl-D-malate (2-methylfumaric acid) is derived from a
bacterium. An example of a suitable source for this enzyme is
the genus Methanococcus, a preferred source is Methanococ-
cus jannaschii.

Specific examples of suitable sequences are:

Methanococcus jannaschii lenC amino acid sequence:

(SEQ ID NO: 87)
MGMTIVEKILAKASGKKEVSPGDIVMANIDVAMVHDITGPLTVNTLKEYG

IEKVWNPEKIVILFDHQVPADSIKAAENHILMRKFVKEQGIKYFYDIREG
VCHQVLPEKGHVAPGEVVVGADSHT CTHGAFGAFATGIGSTDMAHVFATG
KLWFKVPETIYFNITGDLQPYVTSKDVILSIIGEVGVDGATYKACQFGGE
TVKKMSIASRMTMTNMAIEMGGKTGIIEPDEKTIQYVKEAMKKHGTERPF
EVIKGDEDAEFAEVYEIEADKIEPVFACPHNVDNVKQAREVAGKPIDQVFE
IGSCTNGRLEDLRMAIKIIEKHGGIADDVRVVVTPASREEYLKALKEGII
EKFLKYGCVVTNPSCSACMGSLYGVLGPGEVCVSTSNRNFRGRQGSLEAE

IYLASPITAAACAVKGELVDPRDL
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Methanococcus jannaschii leuD amino acid sequence:

(SEQ ID NO: 88)

MRSIIKGRVWKFGNNVDTDAILPARYLVYTKPEELAQFVMTGADPDFPKK
VKPGDIIVGGKNFGCGSSREHAPLGLKGAGISCVIAESFARIFYRNAINV
GLPLIECKGISEKVNEGDELEVNLETGEIKNLTTGEVLKGQKLPEFMMEI

LEAGGLMPYLKKKMAESQ

In particular embodiments of the invention, the polypep-
tide catalyzing the conversion of erythro-beta-methyl-D-
malate to 2-oxobutanoate is derived from a bacterium. An
example of a suitable source for this enzyme is the genus

Methanococcus, a preferred source is Methanococcus jann-
aschii.

A specific example of a suitable sequence is: Methanococ-
cus jannaschii leuB amino acid sequence:

(SEQ ID NO: 89)

MHKICVIEGDGIGKEVVPATIQVLEATGLPFEFVYAEAGDEVYKRTGKAL
PEETIETALDCDAVLFGAAGETAADVIVKLRHILDTYANIRPVKAYKGVK
CLRPDIDYVIVRENTEGLYKGIEAEIDEGITIATRVITEKACERIFRFAF
NLARERKKMGKEGKVTCAHKANVLKLTDGLFKKIFYKVAEEYDDIKAEDY
YIDAMNMYIITKPQVFDVVVTSNLFGDILSDGAAGTVGGLGLAPSANIGD
EHGLFEPVHGSAPDIAGKKIANPTATILSAVLMLRYLGEYEAADKVEKAL

EEVLALGLTTPDLGGNLNTFEMAEEVAKRVREE
Any of the foregoing recombinant microorganisms may

further comprise a nucleic acid encoding an amino acid bio-
synthesis regulatory protein.

A specific example of a suitable sequence is:

Saccharomyces cerevisiae GCN4 amino acid sequence:

(SEQ ID NO: 90)
MSEYQPSLFALNPMGFSPLDGSKSTNENVSASTS TAKPMVGQLIFDKFIK

TEEDPIIKQDTPSNLDFDFALPQTATAPDAKTVLPIPELDDAVVESFFSS
STDSTPMFEYENLEDNSKEWTSLFDNDIPVTTDDVSLADKAIESTEEVSL
VPSNLEVSTTSFLPTPVLEDAKLTQTRKVKKPNSVVKKSHHVGKDDESRL
DHLGVVAYNRKQRSIPLSPIVPESSDPAALKRARNTEAARRSRARKLQORM

KQLEDKVEELLSKNYHLENEVARLKKLVGER

The genes of these pathways are well studied and many
examples for each step of the pathway are available in the
literature. Table 1 below provides a number of exemplars.



US 9,080,188 B2

45
TABLE 1

46

List of Recombinant Enzymes Evaluated for the Enhanced Production of MBO

Protein
ECH# Accession# Enzyme Name [Genus species] GENE
Malate to Pyruvate
1.1.1.37 ABN66921  Malate Dehydrogenase [Pichia stipitis] MDH?2 (Ps)
AAA34766  Malate Dehydrogenase [Saccharomyces cerevisiae] ~ MDH2
Pyruvate to Threonine
6.4.1.1 CAA96765 Pyruvate carboxylase [Saccharomyces cerevisiae] PYC1
ABNG68200  Pyruvate carboxylase [Pichia stipitis] PYC1 (Ps)
CAAB5182  Pyruvate carboxylase [Saccharomyces cerevisiae] PYC2
ABNG68195  Acetyl-CoA transporter [Pichia stipitis) PYC2 (Ps)
2.6.1.1 CAAS50451  Aspartate aminotransferase [Saccharomyces AAT1
cerevisiae)
EAZ63967  Aspartate aminotransferase [Pichia stipitis] AAT1 (Ps)
P23542 Aspartate aminotransferase [Saccharomyces AAT2
cerevisiae)
ABNG68070  Aspartate aminotransferase [Pichia stipitis] AAT?2 (Ps)
2.7.2.4 AAB64587  Aspartate kinase (L-aspartate 4-P-transferase) HOM37BR
[Saccharomyces cerevisiae)
EAZ63309  Aspartate kinase (L-aspartate 4-P-transferase) HOM37BR
[Pichia stipitis] (Ps)
1.2.1.11 AAS56024 HOM?2 Aspartic beta semi-aldehyde dehydrogenase HOM?2 (Sc)
[Saccharomyces cerevisiae)
ABNG66253  HOM?2 Aspartic beta semi-aldehyde dehydrogenase HOM?2 (Ps)
[Pichia stipitis]
1.1.1.3 CAAA45787 Homoserine dehydrogenase [Saccharomyces HOM6
cerevisiae)
ABNG65351  Homoserine dehydrogenase [Pickia stipitis] HOMS (Ps)
2.7.1.39 AAA35154 Homoserine kinase [Saccharomyces cerevisiae) THR1
ABNG68112  Homoserine kinase [Pichia stipitis] THRI (Ps)
NP600410 Homoserine kinase [Corynebacterium glutamicum]  KhsE (Cg)
4.2.99.2 CAA42284  Threonine synthase [Saccharomyces cerevisiae] THR4
ABNG67095  Threonine synthase [Pichia stipitis] THR4 (Ps)
Threonine to KMV
4.3.1.19 AAB64641  Threonine deaminase [Saccharomyces cerevisiae] ILV1
AAB64641  Threonine deaminase [Saccharomyces cerevisiae) ILV1FBR
ABN67213  Threonine deaminase [Pichia stipitis) ILV1 (Ps)FBR
ABNG67213  Threonine deaminase [Pichia stipitis] ILV1 (Ps)
Al5
ABNG67213  Threonine deaminase [Pichia stipitis] ILV1 (Ps)
CAA42403  Catabolic L-serine (L-threonine) deaminase CHA1
[Saccharomyces cerevisiae)
CAF20464  Threonine dehydratase [Corynebacterium IlvA (Cg)
glutamicum)]
AAB59054  Threonine deaminase [Escherichia coli] IlvA (Ec)
2.2.1.6 CAAR9744  Acetolactate synthase [Saccharomyces cerevisiae) ILV2
ABNG66585  Acetolactate synthase [Pichia stipitis) ILV2 (Ps)
ABNG66585  Acetolactate synthase [Pichia stipitis) ILV2 (Ps)A26
CAAA42350  Acetolactate synthase regulatory subunit ILV6
[Saccharomyces cerevisiae)
EAZ63909  Acetolactate synthase regulatory subunit [Pickia ILV6 (Ps)
Stipitis)
BAB98664  Acetolactate synthase 1 catalytic subunit IlvB (Cg)
[Corynebacterium glutamicum)
CAF19975  Acetolactate synthase I, small subunit ilvN (Cg)
[Corynebacterium glutamicum)
BAE77622  Acetolactate synthase I, large subunit [Escherichia ilvB(Ec)
coli]
BAE77623  Acetolactate synthase I, small subunit [Escherichia  ilvN (Ec)
coli]
AAA67571  Acetolactate synthase 11, large subunit [Escherichia  ilvG(Ec)
coli]
BAE77528  Acetolactate synthase II, small subunit [Esckerichia  ilvM(Ec)
coli]
BAB96646  Acetolactate synthase III, large subunit [Escherichia  ilvl(Ec)
coli]
BAB96647  Acetolactate synthase III, thiamin-dependent ilvIH(Ec)
[Escherichia coli]
1.1.1.86 CAA28643  Acetohydroxyacid reductoisomerase [Saccharomyces ILVS
cerevisiae)
ABNG66666  Mitochondrial ketol-acid reductoisomerase [Pichia  ILVS (Ps)
Stipitis)
ABNG66666  Mitochondrial ketol-acid reductoisomerase [Pichia  ILVS (Ps)
Stipitis) A40
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List of Recombinant Enzymes Evaluated for the Enhanced Production of MBO

Protein
ECH# Accession# Enzyme Name [Genus species] GENE
CAF19976  Ketol-acid reductoisomerase [Corynebacterium IIvC (cg)
glutamicum)]
BAE77523  Ketol-acid reductoisomerase, NAD(P)-binding ilvC (Ec)
[Escherichia coli]
4.2.1.9 CAA60939 Dihydroxyacid dehydratase [Saccharomyces ILV3
cerevisiae)
ABNG65237  Dihydroxyacid dehydratase [Pichia stipitis] ILV3 (Ps)
ABNG65237  Dihydroxyacid dehydratase [Pichia stipitis] ILV3 (Ps)A34
CAF19971  Dihydroxyacid dehydratase [Corynebacterium IlvD (Cg)
glutamicum)]
BAE77526  Dihydroxyacid dehydratase [Escherichia coli] ilvD (Ec)
KMV to 2MBO
4.1.1.72 CAA97573  Major of three pyruvate decarboxylase isozymes PDC1
[Saccharomyces cerevisiae)
EAZ63546  Pyruvate decarboxylase [Pichia stipitis) PDC1 (Ps)
CAA97705  Minor isoform of pyruvate decarboxylase PDCS5
[Saccharomyces cerevisiae)
CAA39398  Minor isoform of pyruvate decarboxylase PDC6
[Saccharomyces cerevisiae)
CAA98646  Probable alpha-ketoisocaproate decarboxylase THI3
[Saccharomyces cerevisiae)
AAB64816  Pyruvate decarboxylase [Saccharomyces cerevisiae] ARO10
ABNG67867  Pyruvate decarboxylase (PDC6) (PDC3) [Pichia PDC 3-6 (Ps)
Stipitis)
053865 Branched-chain alpha-ketoacid decarboxylase Kde(Mt)
[Mycobacterium)
AAS49166  Branched-chain alpha-ketoacid decarboxylase KdcA(LI)
[Lactococcus lactis)
AAS49166  Branched-chain alpha-ketoacid decarboxylase KdcA-
[Lactococcus lactis) S286Y(LI)
AAS49166  Branched-chain alpha-ketoacid decarboxylase KdcA-
[Lactococcus lactis) F381W(LID)
AAS49166  Branched-chain alpha-ketoacid decarboxylase KdcAS286Y,
[Lactococcus lactis) F381W (LI)
EAZ63682  Pyruvate decarboxylase [Pickia stipitis) PDC2 (Ps)
1.1.1.1 CAAS58193  Alcohol dehydrogenase [Saccharomyces cerevisiae] ~ADHI1
AAA34408  Alcohol dehydrogenase [Saccharomyces cerevisiae] ADH2
CAAB9229  Alcohol dehydrogenase [Saccharomyces cerevisiae] ADH3
ABNG65575  Alcohol dehydrogenase (NADP dependent) [Pickia ~ ADH3 (Ps)
Stipitis)
CAA90836  Alcohol dehydrogenase [Saccharomyces cerevisiae] ADH6
EAZ62840  NADP-dependent alcohol dehydrogenase [Pickia ADHS (Ps)
Stipitis)
CAA42237 NADPH-dependent alcohol dehydrogenase ADH7
[Saccharomyces cerevisiae)
ABNG66271  NADPH-dependent alcohol dehydrogenase [Pickia ~ ADH7 (Ps)
Stipitis)
CAAB8277 NADPH-dependent methylglyoxal reductase GRE2
[Saccharomyces cerevisiae)
ABNG66052  NADPH-dependent methylglyoxal reductase GRE2 ~ GRE2 (Ps)
[Pichia stipitis]
CAA91578  Bifunctional enzyme-alcohol dehydrogenase and SFA1
glutathione-dependent formaldehyde dehydrogenase
activities [Saccharomyces cerevisiae)
CAA56686  2-methylbutyraldehyde reductase [Saccharomyces YPRI1
cerevisiae)
ABK75278  Alcohol dehydrogenase 1 [Mycobacterium) ADHI1(Mt)
AAKA45115  Alcohol dehydrogenase small [Mycobacterium] ADHs(Mt)
CAE55322  Zinc-containing alcohol dehydrogenase NAD Adhb(Mt)
dependent ADHB [Mycobacterium)
P00327 Alcohol dehydrogenase-E-isoenzyme [Equus ADHE(Horse)
caballus)
Citramalate
2.3.3.13 AAD35638  2-isopropylmalate synthase [Thermatoga maritima]  leuA
2-isopropylmalate synthase [Thermatoga maritima] — leuA
truncated
NP442009 2-isopropylmalate synthase [Syrnechocystis] leuA
4.1.3.22 GSU1798 Citramalate synthase [Geobacter sulfurreducens] cimA
4.2.1.33 MIJ0499 Isopropylmalate isomerase [Metharnococcus leuC
Janmaschii)
MI1277 Isopropylmalate isomerase [Metharnococcus leuD

Janmaschii)
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List of Recombinant Enzymes Evaluated for the Enhanced Production of MBO

Protein

ECH# Accession# Enzyme Name [Genus species]

GENE

1.1.1.85 MIJ0720 Isopropylmalate dehydrogenase [Methanococcus
Janmaschii)

Nitrogen regulation

leuB

NA P03069 Amino acid biosynthesis regulatory protein

[Saccharomyces cerevisiae)

GCN4

FIG. 3 shows a proposed pathway for the generation of
2-MBO with leucine, valine, isoleucine, 2-methyl butyric
acid, 2,3-dihydroxy-3-methyl valeric acid, isoleucine, 2-ke-
toisovaleric acid, or 2-methylbutyryl CoA as the starting
material. Each step of the enzymatic pathway is provided
with a letter designation which corresponds to an enzyme.

Step a) corresponds to the conversion of leucine, to 2-keto-

3-methyl valeric acid (KMV),

Step b) corresponds to the conversion of valine to 2-keto-

3-methyl valeric acid (KMV),

Step c¢) corresponds to the conversion of isoleucine to

2-keto-3-methyl valeric acid (KMV),

Step d) corresponds to the conversion of 2-methylbutyryl

CoA to KMV,

Step e) corresponds to the conversion of 2,3-dihydroxy-3-

methyl valeric acid to KMV,

step f) corresponds to the conversion of isoleucine and

2-ketoisovaleric acid to KMV,

Step g) corresponds to the conversion of 2-methylbutyryl

CoA to KMV,

Step h) corresponds to the conversion of KMV to 2-me-

thyl-1-butanal, and

Step 1) corresponds to the conversion of 2-methyl-1-buta-

nal to 2-methyl-1-butanol.

The designations provide examples of enzymes that cata-
lyze particular reactions in the overall pathway. For example,
valine-isoleucine amniotransferase is an example of a desig-
nation for the enzyme that catalyzes the conversion of leu-
cine, valine, and isoleucine to 2-keto-3-methyl valeric acid
(KMV). Because enzymatic nomenclature various between
organisms, it should be noted that the names provided above
are merely illustrative of a class of enzymes that catalyze the
particular steps of the pathway. The enzymes contemplated
for use with the invention are those that catalyze the reactions
illustrated and are not limited to the enzymatic names pro-
vided.

The conversion of isoleucine to 2-keto-3-methylvalerate is
catalyzed by valine-isoleucine aminotransterase (EC
2.6.1.32) or branched-chain amino acid transaminase (EC
2.6.1.42), which may be encoded by, but not limited to, one or
more of the following genes: 014370; P38891; P47176;
Q93Y32; P54687; P24288; P54690; QIGKM4; Q9M439;
Q5EA40; 015382; 035855; 019098; Q5REPO; 035854;
Q9M401; QIFYAG; QILPMY; P54688; O67733; 029329;
P39576; POAB82; POAB81; POAB80; P54689; Q9ZIF1;
026004; Q58414; 027481; 032954; Q10399; 086428;
QI1RI1J2; Q92126; Q4ULR3; 0O05970; QO9AKES; POA1AG;
POA1AS; QSHICI; P63512; P99138; Q6GIB4; Q6 GBT3;
P63513; Q5HRIS; Q8CQ78; 0O86505; P54691; P74921;
Q9Y885; and 031461.

The conversion of 2-methylbutyrate to 2-keto-3-meth-
ylvalerate is catalyzed by 2-methylbutyrate decarboxylase,
which may be encoded by, but not limited to, genes occurring
naturally in anaerobic microorganisms.
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The conversion of 2,3-dihydroxy-3-methylvalerate to
2-keto-3-methylvalerate is catalyzed by dihydroxyacid dehy-
dratase (EC 4.2.1.9), which may be encoded by, but not lim-
ited to, one or more of the following genes:

Q10318; P39522; Q6FCRY; Q5SP8J4; Q7TWQA2;
Q7W(C98; Q7W069; Q89LKS8; Q394V3; QSFPXG6;
Q8TPV2; Q5Z0M2; Q31TH1; Q475B2; Q98BZS8; Q49708;
Q6F6Q0; Q5P6F1;, Q7WIP7, Q7W497, Q7VUNG;
QBIKYS; Q39DS9; Q8FMRI; Q8TKMS; Q5YX61,
Q31D04; Q46YI9; Q98LB3; Q49UX2; Q5SNY71; Q7TWFQS5;
Q8IHA2; Q5YRVSE; QIYG88; Q8UE43; Q8YTE6; 067009,
029248; Q81S26; QIXBI3; Q81F26; Q63CV3; QS5LIIS;
Q64PS6; QIK8E4; Q6HKAO; Q651B0; QSWEM9; P51785;
QBAG608; Q6G543; Q8G3H2; Q7VRLS; Q49170; Q57FS2;
Q8YENO; Q8G353; P57656; O51887; P59426; QIRQS6;
QIRQ48; QIRQS52; Q62LG7; Q3IV12; Q63WB9; QIPIIS;
Q5HXE4; Q3AERO; P55186; Q3APBY; Q8KER4; Q7NYJ7,
Q97EE3; P31959; Q47UN7; Q6NHNG6; Q8NQZ9; Q4JUN3;
Q47JC0; Q37888; Q3ZXH9; QIRVI7; Q317H9; Q725Q1,
Q8XAV1; Q8FBRS5; P05791; Q6CZC7; Q5SNH32; Q5KYAS;
Q74BW7; Q7NGKI1; QS5FN26; Q4QMFS8;, P44851,
Q5V545; Q7VHW3; Q02139; Q6AENY; Q72TCO; Q8F219;
Q92A32; Q71Y38; Q8Y5S2; Q65QD4; Q46AU2; Q606D6;
Q58672; Q8TW40; Q8Q078; Q6MOF3; 027498; P65155;
006069; Q73TT7; P65154; Q31MV2; QS5F8G6; QIJUEO;
QI9JS61; Q82XY7; Q3JIN3; Q3SW60; Q8ENG63; P57957,
Q3A3AS5; Q4FM19; Q7MYJ5; Q6LLH7; Q6KZ30;
Q7VCI3; Q7TV16; Q7VITIL; Q46LF6; Q48PAG; QI16E0;
Q4K498; Q3K559; Q88CQ2; Q87V83; Q42783; Q4FS54;
QIUZ03; Q8ZYU6; Q8U297, Q8XWRI1; Q92M28;
Q7UJ69; P31874; Q6NISS; Q31XP4; Q57HU7; QSPKOO;
Q8Z377; P40810; Q8EIDY; Q31UL3; Q329V0; Q83PI6;
Q3YVIJ3; Q5LNI8; QSHEES; P65156; P65157, Q6GF19;
Q6G7Q4; P65158; QSHMG3; Q8CNL6; Q4L7T6; Q82E99;
069198; Q8DRT7; P65159; P65160; Q5SLYHI; Q5M334;
Q41860; Q97UB2; Q96 YKO; Q67KX6; Q8DK13; QSN3N2;
Q7U763; P74689; Q47MS7; QIWZ21; Q72JA8; Q5SIYO;
Q8RDI9; Q8K TS9; Q83HI6; Q83GP9; Q9 KVWO; QSE1P2;
Q87 KB6; Q8DDGIl; Q7MGI8; Q7MAN4; Q8PQIO;
Q3BYSS; Q4UZT2; Q8PDI3; Q5GUYS; Q9PH47; Q87F63;
Q8ZAB3; Q66G45; and Q5SNLI4.

The conversion of 2-methyl-butyryl-CoA to 2-keto-3-me-
thylvalerate is catalyzed by branched-chain a-ketoacid dehy-
drogenase complex (EC 1.2.4.4; EC 2.3.1.268; EC 1.8.1.4),
which may be encoded by, but not limited to, one or more of
the following genes: P37940; P11178; P12694; Q8HXY4;
P50136; ASA6H9; Q911M2; P09060; P11960; Q72GU1,
Q5SLR4; P37941; P21839; P21953; Q9I1M1; P09061;
P35738; Q72GU2; QSSLR3; P37942; P11181; P11182;
P53395; Q911MO; P09062; QIMSK3; P11959; P21880;
QII1L9; P09063; QIMSK2; P54533; Q5UYGH6; Q913D1;
P31052; 034324; QSUWH2; Q9HUY1; P31046; P35484;
P18925; P57303; Q8K9T7; Q89AQ8; P49819; Q9PII3;
Q97773; Q8KCW2; 084561; 050311; Q8CIZ7, POAIP2;
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POA9P1; POAIPO; P43784; QIHN74; Q04829; P09622;
P80647; Q60HG3; 018480; 008749; P66005; P47513;
Q50068; P75393; P66004; P31023; P09623; Q5R4BI,
P84545; P14218; P52992; Q6P6R2; 005940; P95596;
000087; POA9P3; PR0503; QSHGYS; POAOEG; P99084; Q6
GHY9; Q6GABS8; POAOES; POAOE7; P72740; Q04933;
P90597; Q9 KPF6; 050286; P09624; and P50970.

The conversion of 2-keto-3-methylvalerate to 2-methyl-1-
butanal is catalyzed by 2-oxo-acid decarboxylase (EC
4.1.1.72) or 2-keto-3-methylvalerate decarboxylase (EC
4.1.1.1), which may be encoded by, but not limited to, one or
more of the following genes: P83779; Q6FJA3; Q12629;
P33149; P28516; A2Y5L9; QODHF6; P51850; Q09737
P51845; P06169; Q05326; A2XFI3; Q10MW3; P51851;
Q92345; P51846; Q05327; A2YQ76; QOD3D2; QIP7P6;
P16467; P26263; Q4WXX9; Q2UKV4; P51844; QOCNV1,
P87208; P34734; P33287; and P06672.

The conversion of 2-methyl-1-butanal to 2-methyl-1-bu-
tanol is catalyzed by alcohol dehydrogenase (EC 1.1.1.1),
which may be encoded by, but not limited to, one or more of
the following genes: P07327; P28469; Q5RBP7; P25405;
P00325; QS5RIW2; P14139; P25406; P00327, P00326;
097959; P00328; P80222; P30350; P49645; P06525;
P41747; P12311; Q17334; P43067, P48814; Q70UNOY;
P23991; P19631; P23236; P48586; P09370; P22246;
P07161; P12854; P08843; P26325; Q972M2; Q64413;
Q64415; P05336; P20369; QO07288; P00333; P00329;
P80512; QIP6C8; Q757X4; Q2R8ZS5; P12886; P14219;
P41680; P25141; 000097, QO03505; P22797; P06757,
P14673; P80338; P13603; P00330; Q07264; P20368;
P42327; 045687, 094038; P48815;, Q70UPS; Q70UP6;
P27581; P25720; P23237, P48587, P09369; P07160;
P24267; P37686; P54202; Q24803; P10847, P49383;
QIP4C2; P04707; Q4R1E8; QOITW?7; O13309; P28032;
P14674; P00331; P06758; P42328; P25437;, P07754;
P44557; P10848; P49384; P39450, P14675; P73138;
P07246; P08319; P49385; Q9QYY9; Q64563; Q09669;
P80468; P10127; Q6XQ67;, P38113; P28332; P41681,
Q5R77Z8; Q5X195; P40394; Q64437;, P41682; 031186,
Q7U1BY9; P71818; P33744; POA9QS; POAIQ7; P81600;
P72324; QISK86; QISK87; A1L4Y2; Q8VZ49; QOVIWE;
Q8LEB2; Q9FHO04; P81601; P39451; 046649; 046650,
Q96533; Q37C42; Q17335; P46415; P19854; P11766;
P93629; P28474; P80360; P81431; A2XAZ3; QODWHI,
P80572; 0O19053; P12711; P79896; P80467, QINAR?7,
Q00669; P21518; P25139; P48584; Q00670; P22245;
QING42; P28483; P48585; P51551; Q09009; P51549;
P21898; Q07588; QING40; Q27404; P10807; P0O7162;
Q09010; P00334; QO00671; P25721; QO00672; P0O7159;
P84328; P37473; P23361;, P23277, Q6LCE4; Q9U8S9;
QIGN94; Q24641; P23278; Q03384; P28484; P51550;
Q05114; P26719; P17648; P48977; P81786; P14940;
P25988; P00332; Q2FJ31; Q2G0G1; Q2YSX0; Q5HI63;
Q99W07;, QT7A742; Q6GI63; Q6GBM4; Q8NXUIL,
Q5HRD6; Q8CQ56; Q4I781; P39462; P50381; QI6XEO;
P51552; P32771; P71017; and P33010.

FIG. 4 shows a proposed pathway for the generation of
3-MBO with isovaleryl CoA, leucine, and 2-isopropyl-3-
oxosuccinic acid as the starting material. Each step of the
enzymatic pathway is provided with a letter designation
which corresponds to an enzyme.

Step a) corresponds to the conversion of isovaleryl CoA to

2-ketoisocaproic acid,

Step b) corresponds to the conversion of leucine to 2-ke-

toisocaproic acid,

Step ¢) corresponds to the conversion of 2-isopropyl-3-

oxosuccinic acid to 2-ketoisocaproic acid,
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Step d) corresponds to the conversion of 2-ketoisocaproic

acid to 3-methyl-1-butanal, and

Step e) corresponds to the conversion of 3-methyl-1-buta-

nal to 3-methyl-1-butanol.

The conversion of isovaleryl-CoA to 2-ketoisocaproate is
catalyzed by the ketoisovalerate dehydrogenase complex (EC
1.2.4.4;EC2.3.1.268; EC 1.8.1.4), which may be encoded by,
but not limited to, one or more of the following genes:
P37940; P11178; P12694; Q8HXY4; P50136; ASAGHY;
QOI1IM2; P09060; P11960; Q72GU1; Q5SLR4; P37941;
P21839; P21953; QOI1M1; P09061; P35738; Q72GU2;
Q5SLR3; P37942; P11181; P11182; P53395; Q9I1MO;
P09062; Q9MS5K3; P11959; P21880; QOI1L9; P09063;
QOMS5K2; P54533; Q5UYG6; QII3D1; P31052; 034324,
Q5UWH2; Q9HUY1; P31046; P35484; P18925; P57303;
Q8KIT7; Q89AQS; P49819; QI9PII3; Q9Z2773; Q8KCW2;
084561; 050311; Q8CIZ7; POA9P2; POAIP1; POAIPO;
P43784; Q9HN74; Q04829; P09622; P80647; Q60HG3;
018480; 008749; P66005; P47513; Q50068; P75393;
P66004; P31023; P09623; Q5R4B1; P84545; P14218;
P52992; Q6P6R2; 0O05940; P95596; O00087; POAIP3;
P80503; Q5SHGYS8; POAOEG; P99084; Q6 GHY9; Q6GABS;
POAOES; POAOE7; P72740; Q04933; P90597; Q9 KPF6;
050286; P09624; and P50970.

The conversion of L-leucine to 2-ketoisocaproate is cata-
lyzed by the branched-chain amino acid transaminase (EC
2.6.1.42), which may be encoded by, but not limited to, one or
more of the following genes: 014370; P38891; P47176;
Q93Y32; P54687; P24288; P54690; QIGKM4; Q9M439;
Q5EA40; 015382; 035855; 019098; Q5REPO; 035854;
Q9M401; QIFYAG; QILPMY; P54688; O67733; 029329;
P39576; POAB82; POAB81; POAB8O; P54689; Q9ZIF1;
026004; Q58414; 027481; 032954; Q10399; 086428;
Q1RI1J2; Q92126; Q4ULR3; 005970; Q9AKES; POA1AG;
POA1AS; QSHICI; P63512; P99138; Q6GIB4; Q6GBT3;
P63513; Q5HRIS; Q8CQ78; O86505; P54691; P74921;
Q9Y885; and O31461.

The conversion of L-leucine to 2-ketoisocaproate is cata-
lyzed by leucine aminotransferase (EC 2.6.1.6) or leucine
dehydrogenase (EC 1.4.1.9), which may be encoded by, but
not limited to, one or more of the following genes: POA393;
P0OA392; Q53560; P13154; P54531; Q60030.

The conversion of 2-isopropyl-3-oxosuccinate to 2-ke-
toisocaproate may occur spontaneously.

The conversion of 2-ketoisocaproate to 3-methyl-1-buta-
nal is catalyzed by 2-ketoisocaproate decarboxylase (EC
4.1.1.1), which may be encoded by, but not limited to, one or
more of the genes discussed above.

The conversion of 3-methyl-1-butanal to 3-methyl-1-bu-
tanol is catalyzed by 3-methyl-1-butanal reductase (EC
1.1.1.265) or alcohol dehydrogenase (EC 1.1.1.1), which
may be encoded by, but not limited to, one or more of the
genes discussed above.

The recombinant microorganisms disclosed are engi-
neered to contain a plurality of the enzymes illustrated in
FIGS. 1 to 4 and discussed above, with the goal of producing
a particular compound or compounds of interest. The entire
pathway may be introduced exogenously to a host cell or
select portions of the pathway may be introduced to comple-
ment existing enzymatic systems in the host cell. One of skill
in the art could readily engineer polypeptides providing simi-
lar enzymatic function for any particular step of the pathways.
For example, in addition to the sequences provided herein,
one could provide comparable enzymatic activity with a
homolog of any of the polypeptides disclosed sharing at least
about 50%, 55%, 60% or 65% amino acid sequence identity,
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or preferably at least about 70%, 75%, 80%, 85%, 90% or
95% amino acid sequence identity.

The genes encoding these enzymes are introduced to the
host cell using standard molecular biology techniques, such
as standard expression vectors. One or more vectors may be
used, where one or more of the genes encoding enzymes of
the pathway are present.

FIG. 5 shows an overview of some exemplary pathways
that can be exploited to produce compounds of interest.

DEFINITIONS

As used herein, the terms “alkyl,” “alkenyl” and “alkynyl”
include straight-chain, branched-chain and cyclic monova-
lent hydrocarbyl radicals, and combinations of these, which
contain only C and H when they are unsubstituted. Examples
include methyl, ethyl, isobutyl, cyclohexyl, cyclopentylethyl,
2-propenyl, 3-butynyl, and the like. The total number of car-
bon atoms in each such group is sometimes described herein,
e.g., when the group can contain up to ten carbon atoms it can
be represented as C1-10 or as C1-C10 or C1-10. In certain
embodiments, alkyl contains 1-10, 1-8, 1-6, 1-4, or 1-2 car-
bons.

As used herein, “hydrocarbyl residue” refers to a residue
which contains only carbon and hydrogen. The residue may
be aliphatic or aromatic, straight-chain, cyclic, branched,
saturated or unsaturated, or any combination of these. The
hydrocarbyl residue, when so stated however, may contain
heteroatoms in addition to or instead of the carbon and hydro-
gen members of the hydrocarbyl group itself.

Asused herein, “acyl” encompasses groups comprising an
alkyl, alkenyl, alkynyl, aryl or arylalkyl radical attached at
one of the two available valence positions of a carbonyl car-
bon atom.

“Aromatic” moiety or “aryl” moiety refers to a monocyclic
or fused bicyclic moiety having the well-known characteris-
tics of aromaticity; examples include phenyl and naphthyl.
Similarly, “arylalkyl” refers to an aromatic ring system which
is bonded to their attachment point through a linking group
such as an alkylene. In certain embodiments, aryl is a 5-6
membered aromatic ring, optionally containing one or more
heteroatoms selected from the group consisting of N, O, and
S.

“Alkylene” as used herein refers to a divalent hydrocarbyl
group; because it is divalent, it can link two other groups
together. Typically it refers to —(CH,),— where n is 1-10,
1-8, 1-6, 1-4, or 1-2. The open valences need not be at oppo-
site ends of a chain. Thus —CH(Me)- and —C(Me),- may
also be referred to as alkylenes, as can a cyclic group such as
cyclopropan-1,1-diyl.

“Arylalkyl” groups as used herein are hydrocarbyl groups
if they are unsubstituted, and are described by the total num-
ber of carbon atoms in the ring and alkylene or similar linker.
Thus a benzyl group is a C7-arylalkyl group, and phenylethyl
is a C8-arylalkyl.

“Arylalkyl” refers to an aromatic ring system bonded to
their attachment point through a linking group such as an
alkylene, including substituted or unsubstituted, saturated or
unsaturated, cyclic or acyclic linkers. Typically the linker is
C1-C8 alkylene or a hetero form thereof. These linkers may
also include a carbonyl group, thus making them able to
provide substituents as an acyl or heteroacyl moiety. An aryl
or heteroaryl ring in an arylalkyl or heteroarylalkyl group
may be substituted with the same substituents described
above for aryl groups.

Where an arylalkyl or heteroarylalkyl group is described as
optionally substituted, the substituents may be on either the
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alkyl or heteroalkyl portion or on the aryl or heteroaryl por-
tion of the group. The substituents optionally present on the
alkyl or heteroalkyl portion are the same as those described
above for alkyl groups generally; the substituents optionally
present on the aryl or heteroaryl portion are the same as those
described above for aryl groups generally.

“Optionally substituted” as used herein indicates that the
particular group or groups being described may have no non-
hydrogen substituents, or the group or groups may have one
or more non-hydrogen substituents. If not otherwise speci-
fied, the total number of such substituents that may be present
is equal to the number of H atoms present on the unsubstituted
form of the group being described. Where an optional sub-
stituent is attached via a double bond, such as a carbonyl
oxygen (—O), the group takes up two available valences, so
the total number of substituents that may be included is
reduced according to the number of available valences.

In certain embodiments, optional substituents are selected
from the group consisting of halo, —0O, OR, NR,, NO,, and
CN; wherein each R is independently H, C1-C6 alkyl, C2-C6
alkenyl, or C2-C6 alkynyl.

“Halo”, as used herein, includes fluoro, chloro, bromo and
iodo. In certain embodiments, halo is fluoro or chloro.

“Attenuate” as used herein means to reduce expression
levels of a gene product. For example, functional deletion of
the gene encoding an enzyme can be used to attenuate an
enzyme. A functional deletion is typically a mutation, partial
or complete deletion, insertion, or other variation made to a
gene sequence or a sequence controlling the transcription of a
gene sequence, which reduces or inhibits production of the
gene product, or renders the gene product non-functional. In
some instances a functional deletion is described as a knock
out mutation.

One of ordinary skill in the art will appreciate that there are
many methods of attenuating enzyme activity. For example,
attenuation can be accomplished by introducing amino acid
sequence changes via altering the nucleic acid sequence,
placing the gene under the control of a less active promoter,
expressing interfering RNA, ribozymes or antisense
sequences that targeting the gene of interest, or through any
other technique known in the art.

“Carbon source” as used herein generally refers to a sub-
strate or compound suitable to be used as a source of carbon
for prokaryotic or simple eukaryotic cell growth. Carbon
sources can be in various forms, including, but not limited to
carboxylic acids (such as succinic acid, lactic acid, acetic
acid), alcohols (e.g., ethanol), sugar alcohols (e.g., glycerol),
aldehydes, amino acids, carbohydrates, saturated or unsatur-
ated fatty acids, ketones, peptides, proteins, and mixtures
thereof. Examples of carbohydrates include monosaccha-
rides (such as glucose, galactose, xylose, arabinose, and fruc-
tose), disaccharides (such as sucrose and lactose), oligosac-
charides, and polysaccharides (e.g., starch). Polysaccharides
such as starch or cellulose or mixtures thereof and unpurified
mixtures from renewable feedstocks such as cheese whey
permeate, cornsteep liquor, sugar beet molasses, and barley
malt. Additionally the carbon substrate may also be one-
carbon substrates such as carbon dioxide, or methanol for
which metabolic conversion into key biochemical intermedi-
ates has been demonstrated. In addition to one and two carbon
substrates methylotrophic organisms are also known to utilize
a number of other carbon containing compounds such as
methylamine, glucosamine and a variety of amino acids for
metabolic activity. For example, methylotrophic yeast are
known to utilize the carbon from methylamine to form treha-
lose or glycerol (Bellion et al., Microb. Growth C1-Compd.,
[Int. Symp.], 7th (1993), 415-32. Editor(s): Murrell, J. Collin;
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Kelly, Don P. Publisher: Intercept, Andover, UK). Similarly,
various species of Candida will metabolize alanine or oleic
acid (Sulter et al., Arch. Microbiol. 153:485-489 (1990)).
Hence it is contemplated that the source of carbon utilized in
the present invention may encompass a wide variety of carbon
containing substrates and will only be limited by the choice of
organism. Lignocellulosic material is contemplated as a suit-
able carbon source, i.e., plant biomass that is composed of
cellulose, hemicellulose, and lignin. Biomass may include (1)
wood residues (including sawmill and paper mill discards),
(2) municipal paper waste, (3) agricultural residues (includ-
ing corn stover and sugarcane bagasse), and (4) dedicated
energy crops (which are mostly composed of fast growing
tall, woody grasses). Carbon dioxide (CO,), and coal are also
contemplated as suitable carbon sources.

“Culture medium” as used herein includes any medium
which supports microorganism life (i.e., a microorganism
that is actively metabolizing carbon). A culture medium usu-
ally contains a carbon source. The carbon source can be
anything that can be utilized, with or without additional
enzymes, by the microorganism for energy.

“Deletion” as used herein refers to the removal of one or
more nucleotides from a nucleic acid molecule or one or more
amino acids from a protein, the regions on either side being
joined together.

“Detectable” as used herein refers to be capable of having
an existence or presence ascertained.

“Methylbutanol” refers to a compound of the formula
C5H,,0, and the term includes stereoisomers thereof. Non-
limiting examples of structural isomers of 2-methyl-1-bu-
tanol and 3-methyl-1-butanol.

“Endogenous” as used herein in reference to a nucleic acid
molecule and a particular cell or microorganism refers to a
nucleic acid sequence or peptide that is in the cell and was not
introduced into the cell using recombinant engineering tech-
niques. For example, a gene that was present in the cell when
the cell was originally isolated from nature. A gene is still
considered endogenous if the control sequences, such as a
promoter or enhancer sequences that activate transcription or
translation have been altered through recombinant tech-
niques.

“Exogenous™ as used herein with reference to a nucleic
acid molecule and a particular cell refers to any nucleic acid
molecule that does not originate from that particular cell as
found in nature. Thus, a non-naturally-occurring nucleic acid
molecule is considered to be exogenous to a cell once intro-
duced into the cell. A nucleic acid molecule that is naturally-
occurring also can be exogenous to a particular cell. For
example, an entire coding sequence isolated from cell X is an
exogenous nucleic acid with respect to cell Y once that coding
sequence is introduced into cell Y, even if X and Y are the
same cell type.

“Expression” as used herein refers to the process by which
a gene’s coded information is converted into the structures
and functions of a cell, such as a protein, transfer RNA, or
ribosomal RNA. Expressed genes include those that are tran-
scribed into mRNA and then translated into protein and those
that are transcribed into RNA but not translated into protein
(for example, transfer and ribosomal RNAs).

“Hydrocarbon” as used herein includes chemical com-
pounds that containing the elements carbon (C) and hydrogen
(H). Hydrocarbons consist of a carbon backbone and atoms of
hydrogen attached to that backbone. Sometimes, the term is
used as a shortened form of the term “aliphatic hydrocarbon.”
There are essentially three types of hydrocarbons: (1) aro-
matic hydrocarbons, which have at least one aromatic ring;
(2) saturated hydrocarbons, also known as alkanes, which
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lack double, triple or aromatic bonds; and (3) unsaturated
hydrocarbons, which have one or more double or triple bonds
between carbon atoms. Alkenes are chemical compounds
containing at least one double bond between carbon atoms
and alkynes are chemical compounds containing at least one
triple bond between carbon atoms.

“Isolated” as in “isolated” biological component (such as a
nucleic acid molecule, protein, or cell) refers to the compo-
nent that has been substantially separated or purified away
from other biological components in which the component
naturally occurs, such as other chromosomal and extrachro-
mosomal DNA and RNA, and proteins. Nucleic acid mol-
ecules and proteins that have been “isolated” include nucleic
acid molecules and proteins purified by standard purification
methods. The term also embraces nucleic acid molecules and
proteins prepared by recombinant expression in a host cell as
well as chemically synthesized nucleic acid molecules and
proteins.

“Microorganism” as used herein includes prokaryotic and
eukaryotic microbial species. The terms “microbial cells” and
“microbes” are used interchangeably with the term microor-
ganism.

“Nucleic Acid Molecule” as used herein encompasses both
RNA and DNA molecules including, without limitation,
c¢DNA, genomic DNA and mRNA. Includes synthetic nucleic
acid molecules, such as those that are chemically synthesized
orrecombinantly produced. The nucleic acid molecule can be
double-stranded or single-stranded. Where single-stranded,
the nucleic acid molecule can be the sense strand or the
antisense strand. In addition, nucleic acid molecule can be
circular or linear.

“Over-expressed” as used herein refers to when a gene is
caused to be transcribed at an elevated rate compared to the
endogenous transcription rate for that gene. In some
examples, over-expression additionally includes an elevated
rate of translation of the gene compared to the endogenous
translation rate for that gene. Methods of testing for over-
expression are well known in the art, for example transcribed
RNA levels can be assessed using rtPCR and protein levels
can be assessed using SDS page gel analysis.

“Purified” as used herein does not require absolute purity;
rather, it is intended as a relative term.

“Recombinant” as used herein in reference to a recombi-
nant nucleic acid molecule or protein is one that has a
sequence that is not naturally occurring, has a sequence that is
made by an artificial combination of two otherwise separated
segments of sequence, or both. This artificial combination can
be achieved, for example, by chemical synthesis or by the
artificial manipulation of isolated segments of nucleic acid
molecules or proteins, such as genetic engineering tech-
niques. Recombinant is also used to describe nucleic acid
molecules that have been artificially manipulated, but contain
the same regulatory sequences and coding regions that are
found in the organism from which the nucleic acid was iso-
lated. A recombinant cell or microorganism is one that con-
tains an exogenous nucleic acid molecule, such as a recom-
binant nucleic acid molecule.

“Spent medium” or “spent culture medium” as used herein
refers to culture medium that has been used to support the
growth of a microorganism.

“Stereoisomers” as used herein are isomeric molecules that
have the same molecular formula and connectivity of bonded
atoms, but which differ in the three dimensional orientations
of their atoms in space. Non-limiting examples of stereoiso-
mers are enantiomers, diastereomers, cis-trans isomers and
conformers.
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“Transformed or recombinant cell” as used herein refers to
a cell into which a nucleic acid molecule has been introduced,
such as an acyl-CoA synthase encoding nucleic acid mol-
ecule, for example by molecular biology techniques. Trans-
formation encompasses all techniques by which a nucleic
acid molecule can be introduced into such a cell, including,
but not limited to, transfection with viral vectors, conjuga-
tion, transformation with plasmid vectors, and introduction of
naked DNA by electroporation, lipofection, and particle gun
acceleration.

“Fermentation conditions” referred to herein usually
include temperature ranges, levels of aeration, and media
selection, which when combined allow the microorganism to
grow. Exemplary media include broths or gels. Generally, the
medium includes a carbon source such as glucose, fructose,
cellulose, or the like that can be metabolized by the microor-
ganism directly, or enzymes can be used in the medium to
facilitate metabolizing the carbon source. To determine if
culture conditions permit product production, the microor-
ganism can be cultured for 24, 36, or 48 hours and a sample
can be obtained and analyzed. For example, the cells in the
sample or the medium in which the cells were grown can be
tested for the presence of the desired product.

“Vector” as used herein refers to a nucleic acid molecule as
introduced into a cell, thereby producing a transformed cell.
A vector can include nucleic acid sequences that permit it to
replicate in the cell, such as an origin of replication. A vector
can also include one or more selectable marker genes and
other genetic elements known in the art.

“Finished fuel” is defined as a chemical compound or a mix
of chemical compounds (produced through chemical, ther-
mochemical or biological routes) that is in an adequate
chemical and physical state to be used directly as a neat fuel
or fuel additive in an engine. In many cases, but not always,
the suitability of a finished fuel for use in an engine applica-
tion is determined by a specification which describes the
necessary physical and chemical properties that need to be
met. Some examples of engines are: internal combustion
engine, gas turbine, steam turbine, external combustion
engine, and steam boiler. Some examples of finished fuels
include: diesel fuel to be used in a compression-ignited (die-
sel) internal combustion engine, jet fuel to be used in an
aviation turbine, fuel oil to be used in a boiler to generate
steam or in an external combustion engine, ethanol to be used
in a flex-fuel engine. Examples of fuel specifications are
ASTM standards, mainly used ion the US, and the EN stan-
dards, mainly used in Europe.

“Fuel additive” refers to a compound or composition thatis
used in combination with another fuel for a variety of reasons,
which include but are not limited to complying with mandates
on the use of biofuels, reducing the consumption of fossil
fuel-derived products or enhancing the performance of a fuel
or engine. For example, fuel additives can be used to alter the
freezing/gelling point, cloud point, lubricity, viscosity, oxi-
dative stability, ignition quality, octane level, and flash point.
Additives can further function as antioxidants, demulsifiers,
oxygenates, thermal stability improvers, cetane improvers,
stabilizers, cold flow improvers, combustion improvers, anti-
foams, anti-haze additives, icing inhibitors, injector cleanli-
ness additives, smoke suppressants, drag reducing additives,
metal deactivators, dispersants, detergents, demulsifiers,
dyes, markers, static dissipaters, biocides, and/or corrosion
inhibitors. One of ordinary skill in the art will appreciate that
MBO and MBO derivatives described herein can be mixed
with one or more fuel or such fuel additives to reduce the
dependence on fossil fuel-derived products and/or to impart a
desired quality and specific additives are well known in the
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art. In addition, MBO and MBO derivatives can be used
themselves as additives in blends with other fuels to impart a
desired quality.

Non-limiting examples of additives to the fuel composition
of the invention include: Hybrid compound blends such as
combustion catalyst (organo-metallic compound which low-
ers the ignition point of fuel in the combustion chamber
reducing the temperature burn from 1200 degrees to 800° F.),
Burn rate modifier (increases the fuel burn time result in an
approx. 30% increase of the available BTUs from the fuel),
ethanol as an octane enhancer to reduce engine knock, biodie-
sel, polymerization (increases fuel ignition surface area
resulting in increased power from ignition), Stabilizer/
Demulsifier (prolongs life of fuel and prevents water vapor
contamination), Corrosion inhibitor (prevents tank corro-
sion), Detergent agent (clean both gasoline and diesel engines
with reduced pollution emissions), Catalyst additive (pro-
longs engine life and increases fuel economy), and Detergent
(cleans engine); oxygenates, such as methanol, ethanol, iso-
propyl alcohol, n-butanol, gasoline grade t-butanol, methyl
t-butyl ether, tertiary amyl methyl ether, tertiary hexyl methyl
ether, ethyl tertiary butyl ether, tertiary amyl ethyl ether, and
diisopropyl ether; antioxidants, such as, Butylated hydroxy-
toluene (BHT), 2,4-Dimethyl-6-tert-butylphenol, 2,6-Di-
tert-butylphenol (2,6-DTBP), Phenylene diamine, and Ethyl-
ene diamine; antiknock agents, such as, Tetra-ethyl lead,
Methylcyclopentadienyl manganese tricarbonyl (MMT),
Ferrocene, and Iron pentacarbonyl, Toluene, isooctane; Lead
scavengers (for leaded gasoline), such as, Tricresyl phosphate
(TCP) (also an AW additive and EP additive), 1,2-Dibromo-
ethane, and 1,2-Dichloroethane; and Fuel dyes, such as, Sol-
vent Red 24, Solvent Red 26, Solvent Yellow 124, and Solvent
Blue 35. Other additives include, Nitromethane (increases
engine power, “nitro”), Acetone (vaporization additive,
mainly used with methanol racing fuel to improve vaporisa-
tion at start up), Butyl rubber (as polyisobutylene succinim-
ide, detergent to prevent fouling of diesel fuel injectors),
Ferox (catalyst additive that increases fuel economy, cleans
engine, lowers emission of pollutants, prolongs engine life),
Ferrous picrate (improves combustion, increases mileage),
Silicones (anti-foaming agents for diesel, damage oxygen
sensors in gasoline engines), and Tetranitromethane (to
increase cetane number of diesel fuel).

In certain embodiments, the invention provides for a fuel
composition comprising MBO or a derivative thereof as
described herein and one or more additives. In certain
embodiments, the additives are at least 1-5%, 1-10%, 1-15%,
1-20%, 1-25%, 1-30%, 1-35%, 1-40%, 1-45%, 1-50%,
1-55%, 1-60%, 1-65%, 1-70%, 1-75%, 1-80%, 1-85%,
1-90%, 1-95%, or 1-100% of the weight of the composition.
In certain embodiments, the additives comprise 1-5%,
1-10%, 1-15%, 1-20%, 1-25%, 1-30%, 1-35%, 1-40%,
1-45%, 1-50%, 1-55%, 1-60%, 1-65%, 1-70%, 1-75%,
1-80%, 1-85%, 1-90%, 1-95%, or 1-100% of the volume of
the composition. In certain embodiments, the additives com-
prise 5-10%, 10-30%, or 25-40% of the weight of the com-
position. In certain embodiments, the additives comprise
5-10%, 10-30%, or 25-40% of the volume of the composition.

In certain embodiments, the additives are at least 1%, 2%,
3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%,
15%, 16%, 17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%,
25%, 26%, 27%, 28%, 29%, 30%, 31%, 32%, 33%, 34%,
35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%, 43%, 44%,
45%, 46%, 47%, 48%, 49%, 50%, 51%, 52%, 53%, 54%,
55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%, 64%,
65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%,
75%, 76%, 77%, 78%, 79%, 80%, 83%, 84%, 85%, 86%,
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87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98%, 99%, or 100% of the weight of the composition.

In certain embodiments, the additives are at least 1%, 2%,
3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%,
15%, 16%, 17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%,
25%, 26%, 27%, 28%, 29%, 30%, 31%, 32%, 33%, 34%,
35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%, 43%, 44%,
45%, 46%, 47%, 48%, 49%, 50%, 51%, 52%, 53%, 54%,
55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%, 64%,
65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%,
75%, 76%, 77%, 78%, 79%, 80%, 83%, 84%, 85%, 86%,
87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98%, 99%, or 100% of the volume of the composition.

One of ordinary skill in the art will also appreciate that the
MBO and MBO derivatives described herein are can be
mixed with other fuels such as bio-diesel, various alcohols
such as ethanol and butanol, and petroleum-based products
such as gasoline. In certain embodiments, the conventional
petroleum-based fuel is at least 10%, 20%, 30%, 40%, 50%,
60%, 75%, 85%, 95%, or 99% of the weight or volume of the
composition.

In one embodiment, the compounds of the present inven-
tion and derivatives thereof can themselves provide a fuel
composition, wherein the compound or a combination of
compounds of the present invention comprise approximately
100% of the fuel composition. In various other embodiments
the compounds of the present invention and derivatives
thereof are combined with other fuels or biofuels to provide a
fuel composition, wherein the compound of a combination of
compounds of the present invention comprise 1-99% of the
weight or 1-99% or the volume of the composition, any spe-
cific percentage in the given range, or any percentage sub-
range within the given range.

In one embodiment the compounds of the present invention
are combined with a petroleum-based fuel, for example, gaso-
line, diesel, jet fuel, kerosene, heating oil or any combinations
thereof, to provide a fuel composition. In a specific embodi-
ment, MBO is combined with gasoline, with the purpose of
providing oxygen and increasing the octane content of the
fuel composition. In another specific embodiment, an MBO
ether is combined with a petroleum-based diesel, e.g., a dis-
tillate, with the purpose of providing oxygen and increasing
cetane content.

In another embodiment the compounds of the present
invention are combined with another biofuel, for example,
methanol, ethanol, propanol, butanol or any combinations
thereof, to provide a fuel composition.

In another embodiment the compounds of the present
invention are combined with a petroleum-based fuel and
another biofuel. In a specific embodiment, MBO is combined
with ethanol to reduce the Reid vapor pressure (RVP) of an
ethanol-gasoline mixture.

Bio-crudes are biologically produced compounds or a mix
of different biologically produced compounds that are used as
a feedstock for petroleum refineries in replacement of, or in
complement to, crude oil. In general, but not necessarily,
these feedstocks have been pre-processed through biological,
chemical, mechanical or thermal processes in order to bein a
liquid state that is adequate for introduction in a petroleum
refinery.

Microbial Hosts

Microbial hosts of the invention may be selected from but
not limited to archaea, bacteria, cyanobacteria, fungi, yeasts,
thraustochytrids and photosynthetic microorganisms. In cer-
tain embodiments, examples of criteria for selection of suit-
able microbial hosts include the following: intrinsic tolerance
to desired product, high rate of glucose or alternative carbon
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substrate utilization, availability of genetic tools for gene
manipulation, and the ability to generate stable chromosomal
alterations. However, the present invention should not be
interpreted to be limited by these criteria.

The microbial host used for MBO or MBO derivative pro-
duction is preferably tolerant to MBO or MBO derivatives so
that the yield is not limited by product toxicity. Suitable host
strains with a tolerance for MBO or MBO derivatives may be
identified by screening based on the intrinsic tolerance of the
strain. The intrinsic tolerance of microbes to MBO or MBO
derivatives may be measured by determining the concentra-
tion of MBO or MBO derivatives that is responsible for 50%
inhibition of the growth rate (ICs,) when grown in a minimal
culture medium. The IC,, values may be determined using
methods known in the art. For example, the microbes of
interest may be grown in the presence of various amounts of
MBO or MBO derivatives and the growth rate monitored by
measuring the optical density. The doubling time may be
calculated from the logarithmic part of the growth curve and
used as a measure of the growth rate. The concentration of
MBO or of the MBO derivative that produces 50% inhibition
of growth may be determined from a graph of the percent
inhibition of growth versus the concentration of MBO or
MBO derivative. In some embodiments, the host strain should
have an IC;, for MBO or MBO derivative of greater than
0.5%. The IC,, value can be similarly calculated for microbes
in contact with compounds other than MBO.

The ability to genetically modify the host is essential for
the production of any recombinant microorganism. The mode
of gene transfer technology may be by electroporation, con-
jugation, transduction or natural transformation. A broad
range of host conjugative plasmids and drug resistance and
nutritional markers are available. The cloning vectors are
tailored to the host organisms based on the nature of antibiotic
resistance markers that can function in that host.

In some embodiments, the microbial host also may be
manipulated in order to inactivate competing pathways for
carbon flow by deleting various genes. This may require the
ability to direct chromosomal integration events. Addition-
ally, the production host should be amenable to chemical
mutagenesis so that mutations to improve intrinsic product
tolerance may be obtained.

Microbial hosts of the invention may be selected from but
not limited to archaea, bacteria, cyanobacteria, fungi, yeasts,
thraustochytrids and photosynthetic —microorganisms.
Examples of suitable microbial hosts for use with the dis-
closed invention include, but are not limited to, members of
the genera Clostridium, Zymomonas, Escherichia, Salmo-
nella, Rhodococcus, Pseudomonas, Bacillus, Lactobacillus,
Enterococcus, Alcaligenes, Klebsiella, Paenibacillus,
Arthrobacter, Corynebacterium, Brevibacterium, Pichia,
Candida, Hansenula, and Saccharomyces. Examples of par-
ticular bacteria hosts include but are not limited to Escheri-
chia coli, Corynebacterium glutamicum, Pseudomonas
putida, Bacillus subtilis, Rhodopseudomonas palustris,
Rhodobacter sphaeroides, Micrococcus luteus, Streptomyces
coelicolor, Streptomyces griseus, Lactobacillus fermentum,
Lactococcus lactis, Lactobacillus bulgaricus, Acetobacter
xylinum, Streptococcus lactis, Bacillus steavothermophilus,
Propionibacter shermanii, Streptococcus thermophilus,
Deinococcus radiodurans, Delftia acidovorans, Enterococ-
cus faecium, Pseudomonas mendocina, and Serratia marce-
scens. Examples of particular yeast hosts include but are not
limited to Saccharomyces cerevisiae, Saccharomyces carls-
bergensis, Kluyveromyces lactis, Kluyveromyces marxianus,
Yarrowia lipolytica, Debaryomyces hansenii, Ashbya gos-
sypii, ZygoSaccharomyces rouxii, ZygoSaccharomyces
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bailii, Brettanomyces bruxellensis, SchizoSaccharomyces
pombe, Rhodotorula glutinis, Pichia stipitis, Pichia pastoris,
Candida tropicalis, Candida utilis and Candida guilliermon-
dii. Examples of particular fungal hosts include but are not
limited to Aspergillus niger, Aspergillus oryzae, Neurospora
crassa, Fusarium venenatum and Penicillium chrysogenum.
Examples of particular photosynthetic microorganism hosts
include but are not limited to Anabaena sp., Chlamydomonas
reinhardtii, Chlorella sp., Cyclotella sp., Gloeobacter viola-
ceus, Nannochloropsis sp., Nodularia sp., Nostoc sp.,
Prochlorococcus sp., Synechococcus sp., Oscillatoria sp.,
Arthrospira sp., Lyngbya sp., Dunaliella sp., and Synechocys-
tis sp. Examples of particular thraustochytrid hosts include
but are not limited to Schizochytrium sp. and Thraus-
tochytrium sp.

Construction of Production Host

Recombinant organisms containing the necessary genes
that will encode the enzymatic pathway for the conversion of
a carbon source to MBO or another compound of interest may
be constructed using techniques well known in the art. In the
present invention, genes encoding the enzymes of one of the
MBO biosynthetic pathways of the invention may be isolated
from various sources. Non-limiting examples of enzymes
which can be used are discussed above.

Methods of obtaining desired genes from a bacterial
genome are common and well known in the art of molecular
biology. For example, if the sequence of the gene is known,
suitable genomic libraries may be created by restriction endo-
nuclease digestion and may be screened with probes comple-
mentary to the desired gene sequence. Once the sequence is
isolated, the DNA may be amplified using standard primer-
directed amplification methods such as polymerase chain
reaction (U.S. Pat. No. 4,683,202) to obtain amounts of DNA
suitable for transformation using appropriate vectors. Tools
for codon optimization for expression in a heterologous host
are readily available. Some tools for codon optimization are
available based on the GC content of the host organism.

Once the relevant pathway genes are identified and isolated
they may be transformed into suitable expression hosts by
means well known in the art. Vectors or cassettes useful for
the transformation of a variety of host cells are common and
commercially available from companies such as EPICEN-
TRE® (Madison, Wis.), Invitrogen Corp. (Carlsbad, Calif.),
Stratagene (La Jolla, Calif.), and New England Biolabs, Inc.
(Beverly, Mass.). Typically the vector or cassette contains
sequences directing transcription and translation of the rel-
evant gene, a selectable marker, and sequences allowing
autonomous replication or chromosomal integration. Suit-
able vectors comprise a region 5' of the gene which harbors
transcriptional initiation controls and a region 3' of the DNA
fragment which controls transcriptional termination. Both
control regions may be derived from genes homologous to the
transformed host cell, although itis to be understood that such
control regions may also be derived from genes that are not
native to the specific species chosen as a production host.

Initiation control regions or promoters, which are useful to
drive expression of the relevant pathway coding regions in the
desired host cell are numerous and familiar to those skilled in
the art. Virtually any promoter capable of driving these
genetic elements is suitable for the present invention includ-
ing, but not limited to, TEF, CYC1, HIS3, GAL1, GALI10,
ADH1, PGK, PHOS, GAPDH, ADC1, TRP1, URA3, LEU2,
ENO, TPI, CUP1, FBA, GPD, and GPM (usetul for expres-
sion in Saccharomyces); AOX1 (useful for expression in
Pichia); and lac, ara, tet, trp, [P;, IP,, T7, tac, and trc (useful
for expression in Escherichia coli, Alcaligenes, and
Pseudomonas); the amy, apr, npr promoters and various
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phage promoters useful for expression in Bacillus subtilis,
Bacillus licheniformis, and Paenibacillus macerans; nisA
(useful for expression Gram-positive bacteria, Eichenbaum et
al. Appl. Environ. Microbiol. 64(8):2763-2769 (1998)); and
the synthetic P11 promoter (useful for expression in Lacto-
bacillus plantarum, Rud et al., Microbiology 152:1011-1019
(2006)).

Termination control regions may also be derived from vari-
ous genes native to the preferred hosts. Optionally, a termi-
nation site may be unnecessary.

Certain vectors are capable of replicating in a broad range
of host bacteria and can be transferred by conjugation. The
complete and annotated sequence of pRK404 and three
related vectors-pRK437, pRK442, and pRK442(H) are avail-
able. These derivatives have proven to be valuable tools for
genetic manipulation in Gram-negative bacteria (Scott et al.,
Plasmid 50(1):74-79 (2003)). Several plasmid derivatives of
broad-host-range Inc P4 plasmid RSF1010 are also available
with promoters that can function in a range of Gram-negative
bacteria. Plasmid pAYC36 and pAYC37, have active promot-
ers along with multiple cloning sites to allow for the heter-
ologous gene expression in Gram-negative bacteria.

Chromosomal gene replacement tools are also widely
available. For example, a thermosensitive variant of the
broad-host-range replicon pWV101 has been modified to
construct a plasmid pVE6002 which can be used to effect
gene replacement in a range of Gram-positive bacteria
(Maguin et al., J. Bacteriol. 174(17):5633-5638 (1992)).
Additionally, in vitro transposomes are available to create
random mutations in a variety of genomes from commercial
sources such as EPICENTRE®.

Culture Media and Conditions

Culture medium in the present invention contains suitable
carbon source. In addition to an appropriate carbon source,
culture medium typically contains suitable minerals, salts,
cofactors, buffers and other components, known to those
skilled in the art, suitable for the growth of the cultures and
promotion of the enzymatic pathway necessary for MBO
production, as well as the production of other compounds.

Typically cells are grown at a temperature in the range of
25° C. t0 40° C. in an appropriate medium. Suitable growth
media in the present invention are common commercially
prepared media such as Luria Bertani (LB) broth, Sabouraud
Dextrose (SD) broth or Yeast medium (YM) broth. Other
defined or synthetic growth media may also be used, and the
appropriate medium for growth of the particular microorgan-
ism will be known by one skilled in the art of microbiology or
fermentation science. Suitable pH ranges for the fermentation
are between pH 5.0 to pH 9.0. In some embodiments the
initial pH is 6.0 to pH 8.0. Microorganism culture may be
performed under aerobic, anaerobic, or microaerobic condi-
tions.

Synthesis of Ethers from 2-Methyl-1-Butanol or
3-Methyl-1-Butanol

Oxygenated additives can be used to boost the performance
of fuels. Ethers have a much lower water absorbance than
alcohols and can be used as a cetane enhancer. One method of
the preparation of ethers is the intermolecular condensation
of an alcohol using an acid catalyst. This method is used
industrially. U.S. Pat. No. 6,218,583 (Apr. 17, 2001)
describes the production of n-pentyl ether.

In one aspect, the invention provides a method to chemi-
cally convert biosynthetically prepared 2-methyl-1-butanol
and 3-methyl-1-butanol to their corresponding ethers, 1-(iso-
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pentyloxy)-3-methylbutane and 2-methyl-1-(2-methylbu-
toxy )butane respectively. The structures are shown below.

PPN

1-(isopentyloxy)-3-methylbutane

/\(\ O/\(\
2-methyl-1-(2-methylbutoxy)butane

These two ethers are also be referred to as bis-(3-methyl-
butyl)ether and bis-(2-methylbutyl)ether, respectively.
‘Methylbutanol’ as used herein, refers to either 2

\)\/O\/Y »
1-(isopentyloxy)-2-methylbutane
\)\/O
, and

2-methyl-1-(tert-pentyloxy)butane

/\\/ O\’/\
2-methyl-2-(tert-pentyloxy)butane

In one embodiment, the conversion step of converting
methylbutanol to methylbutyl ether comprises treating the
methylbutanol with an acid resulting in the formation of
methylbutyl ether. Non-limiting examples of acids include
hydrochloric acid, hydrobromic acid, sulfuric acid, nitric
acid, phosphoric acid, chromic acid, sulfonic acids (meth-
ane-, ethane-, benzene-, toluene-, triftuoromethyl-), perfluo-
roalkane sulfonic acids. In one embodiment, the acid is trif-
luoromethyl sulfonic acid, CF;SO;H. In alternative
embodiments, the reaction is a heterogeneous mixture and
takes place with a solid phase acid catalyst, polymer-bound,
or resin-bound acid catalyst. The advantage of this method is
that the acid catalyst is easily separated from the reaction
mixture.

In certain embodiments, the catalytic amount of acid at the
start ofthe reaction sequence is between 0.001 and 0.20 molar
equivalents relative to the alcohol. In other embodiments, the
catalytic amount of acid is between 0.001 and 0.05 molar
equivalents relative to the alcohol. In other embodiments, the
catalytic amount of acid is less than 0.04 molar equivalents
relative to the alcohol. In other embodiments, the catalytic
amount of acid is less than 0.03 molar equivalents relative to
the alcohol. In other embodiments the catalytic amount of
acid is between 0.015 and 0.035 molar equivalents relative to
the alcohol.

In certain embodiments, the reaction temperature is
between 75-400° C. In certain embodiments the reaction
temperature is between 75-150° C. In certain embodiments
the reaction temperature is between the temperature of the
boiling point of the ether and that of the alcohol (2-methyl-

w

15

25

30

35

40

45

50

55

60

65

64
1-butanol b.p. 128° C.; 3-methyl-1-butanol b.p. 132° C. In
certain embodiments the reaction temperature is the boiling
point of the reaction mixture and thus varies depending on the
composition of the reaction mixture.

In one embodiment, the conversion step of converting
methylbutanol to methylbutyl ether comprises refluxing a
solution comprising methylbutanol and a catalytic amount of
acid, and removal of water generated from the solution.
Removal of the byproduct water generated in the dehydration
reaction can be carried out by distillation and shifts the chemi-
cal equilibrium in favor of ether formation. Toward the end of
the reaction, the mixture may be further neutralized and the
ether product isolated. The product may be isolated through
any technique known in the art such as extraction, filtration,
chromatography, distillation, vacuum distillation or any com-
bination thereof.

Removal of the water generated during the reaction can be
carried out with a Dean-Stark or Dean-stark-like apparatus.
The Dean-Stark apparatus or Dean-Stark receiver or distilling
trap is a piece of laboratory glassware used in synthetic chem-
istry to collect water (or occasionally other liquid) from a
reactor. It is used in combination with a reflux condenser and
a batch reactor for continuous removal of the water that is
produced during a chemical reaction performed at reflux tem-
perature.

The progress of the reaction may be monitored by sam-
pling the reaction mixture and analyzing the composition.
Analysis can be carried out with a number of analytical tech-
niques or instruments such as gas chromatography, high pres-
sure liquid chromatography, nuclear magnetic resonance
spectroscopy, and mass spectroscopy. An estimate of reaction
progress can also be determined by separating and measuring
the amount of water by-product from the reaction mixture.

In one embodiment, the methylbutyl ether product is bis-
(3-methylbutyl)ether, bis-(2-methylbutyl)ether, 1-(isopenty-
loxy)-2-methylbutane, or any combination thereof. Reaction
of a single alcohol species produces the corresponding sym-
metrical ether, such as bis-(3-methylbutyl)ether, bis-(2-me-
thylbutyl)ether. Reaction of alcohols that are composed of
mixtures of alcohols, such as 3-methyl-1-butanol and 2-me-
thyl-1-butanol, can result in the formation of both symmetri-
cal and mixed ethers. 1-(isopentyloxy)-2-methylbutane is an
example of the mixed ether.

/w/\o/\)\
1-(isopentyloxy)-2-methylbutane

Alternatively, ethers can be produced by Williamson ether
synthesis. This synthesis consists of a bimolecular nucleo-
philic substitution reaction between a sodium alkoxide with
an alkyl halide, alkyl sulfonate, or alkyl sulfate. For example,
the reaction of 1-bromo-3-methyl butane and sodium-2-me-
thylbutan-1-olate yields the mixed ether. Likewise, the reac-
tion of sodium-2-methylbutan-1-olate with 1-bromo-2-meth-
ylbutane yields the symmetrical bis-(2-methylbutyl)ether and
the reaction of sodium-3-methylbutan-1-olate with 1-bromo-
3-methylbutane yields the symmetrical bis-(3-methylbutyl)
ether. Reaction conditions can be determined experimentally
by a person having ordinary skill in the art.
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Carbon Fingerprinting

Compositions that are derived from the biosynthetic meth-
ods described herein can be characterized by carbon finger-
printing, and their lack of impurities when compared to petro-
leum derived fuels. Carbon fingerprinting is valuable in
distinguishing MBO and other compounds of interest by the
biosynthetic methods described herein from other methods.

Biologically produced compounds of interest described
here represent a new source of fuels, such as alcohols, diesel,
and gasoline. These new fuels can be distinguished from fuels
derived form petrochemical carbon on the basis of dual car-
bon-isotopic fingerprinting. Additionally, the specific source
of'biosourced carbon (e.g., glucose vs. glycerol) can be deter-
mined by dual carbon-isotopic fingerprinting (see U.S. Pat.
No. 7,169,588, which is herein incorporated by reference in
its entirety, in particular, see col. 4, line 31, to col. 6, line 8).

The compounds of interest and the associated biofuels,
chemicals, and mixtures may be completely distinguished
from their petrochemical derived counterparts on the basis of
14C (f,,) and dual carbon-isotopic fingerprinting.

The compounds of interest described herein have utility in
the production of biofuels, chemicals, and biochemicals. For
example, MBO and derivatives thereof can be used as a sol-
vent, and in the flavor and fragrance industry. The new prod-
ucts provided by the instant invention additionally may be
distinguished on the basis of dual carbon-isotopic fingerprint-
ing from those materials derived solely from petrochemical
sources. The ability to distinguish these products is beneficial
in tracking these materials in commerce. For example, fuels
or chemicals comprising both “new” and “old” carbon iso-
tope profiles may be distinguished from fuels and chemicals
made only of “old” materials. Thus, the instant materials may
be followed in commerce or identified in commerce as a
biofuel on the basis of their unique profile. In addition, other
competing materials can be identified as being biologically
derived or derived from a petrochemical source.

The compounds of interest described herein have further
utility in the production of biodiesels, for example, for trans-
esterification of vegetable oil, animal fats, or wastes thereof.
Further uses of the compounds described herein are readily
known to one of skill in the art, for example, general chemical
uses, and uses as a solvent.

In a non-limiting example, a biofuel composition is made
that includes compounds of interest having 613C of from
about —=10.9 to about -15.4, wherein the compound or com-
pounds accounts for at least about 85% of biosourced mate-
rial (i.e., derived from a renewable resource such as cellulosic
materials and sugars) in the composition.

The following examples are offered to illustrate but not to
limit the invention.

Example 1
Increase of Intracellular Threonine

As series of genes encoding enzymes from glucose to
threonine were cloned from Saccharomyces cerevisiae and
Pichia stipitis. These genes were tested for functional activ-
ity, either by enzyme assay or complementation of deletion
mutations in Saccharomyces cerevisiae and profiling of intra-
cellular amino acids.

Below are a series of experiments that highlight genes
required for elevated threonine production FIGS. 6 through
16 show amino acid production by the overexpression of
pathway genes in particular deletion backgrounds.

Amino Acid Analysis of MDH2 (7432), THR1 (7239) and
PCK1 (8110) Expressed from p415TEF in Strain 7123
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The impact of various expression vectors encoding differ-
ent genes of interest on amino acid levels was made. For this
analysis, constructs containing the MDH2 (7432), THR1
(7239) and PCK1 (8110) genes on the p415TEF expression
vector were introduced into host strain 7123 (ATCC 200869
(MATo ade2A::hisG his3A200 leu2A0 lys2A0 metlSA0
trplA63 ura3A0). Strain 7196 (7123 containing empty
p415TEF) was included as a control. Cultures were grown
overnight in selective medium. Cells were pelleted, washed
with sodium phosphate buffer (50 mM, pH 7.0), and extracted
by bead beating in warm (50° C.) 80% ethanol. The data is
shown in FIG. 6. As depicted, significant differences in
L-threonine content were observed in cultures expressing
MDH2 and PCK1 only. Amino acid values are expressed as a
percentage of individual amino acids in the total amino acid
content of the cells.

Amino Acid Analysis of HOM3 (7245) and HOM3-R2
(7242) Expressed from p416TEF in Strain 7123

HOM3 (7245) and HOM3-R2 (7242) expressed from
p416TEF in strain 7123 were analyzed. Strain 7123 with an
empty expression vector (p416TEF)(7209) was included as a
control. Cultures were grown overnight in selective medium
and extracted as above. The data is shown in FIG. 7. Signifi-
cantly lower L-threonine content was observed in cultures
expressing HOM3-R2, whereas no significant difference was
observed for wild-type HOM3 and the background strain
7209. Amino acid values are expressed as a percentage of
individual amino acids in the total amino acid content of the
cells.

Amino Acid Analysis of S. cerevisiae HOM3 and HOM3-R2
Expressed from p4l16TEF or p416CYC in Strain 7790
(BY4741 AHOM3::KanMX)

Host organisms containing expression vectors p416TEF-
HOM3 (7718), p416TEF-HOM3-R2 (7819), p416CYC-
HOM3 (7809), and p416CYC-HOM3-R2 (7805) were pre-
pared. Cultures were grown overnight in a defined medium
lacking threonine and isoleucine to select for HOM3 expres-
sion. Cells were grown and extracted as before. The results
are shown in FIG. 8. Significantly higher [.-threonine content
was observed in cultures expressing HOM3-R2 from the
CYC promoter as compared to the TEF promoter. A signifi-
cant increase in L-threonine content was also observed when
wild-type HOM3 was expressed from TEF as compared to the
CYC promoter. The total L-threonine content of the cells in
the CYC expressed HOM3-R2 culture reached 30% (wt/wt).
Amino acid values are expressed as a percentage of individual
amino acids in the total amino acid content of the cells.
Amino Acid Analysis of Pichia stipitis and Saccharomyces
cerevisiae HOM2, HOM6 and THR1 Expressed from the
TEF Promoter in their Respective Deletion Backgrounds

The host organisms used in these experiments were: FIG.
9: 8113=7578 (AHOM?2) with p416TEF, 8114=7578 with
p416TEF-PsHOM?2, 7717=7578 p416TEF-ScHOM?2; FIG.
10: 8111=7582 (AHOMS6) with p415TEF, 8112=7582
p415TEF-PsHOMSG, 7716=7582 p415TEF-ScHOMGS; FIG.
11: 8115=7583 (ATHRI1) with p415TEF, 8116=7583
p415TEF-PsTHR1, 7715=7583 p415TEF-ScTHRI1. Cul-
tures were grown overnight in a defined medium lacking
threonine and isoleucine to select for complementation of
chromosomal deletions. Complementation of the last gene in
the threonine pathway, THR4, was not possible due to
ATHRA4 strain growing on media lacking threonine and iso-
leucine. Cells were grown and extracted as described before.
Results are shown in FIGS. 13 to 15. No significant differ-
ences in any amino acid were observed when compared to the
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background BY4741 strain. Amino acid values are expressed
as a percentage of individual amino acids in the total amino
acid content of the cells.

Amino Acid Composition in BY4741 Parental Strain and
KanMX Deletions of L.-Threonine Pathway Enzymes in that
Background

The host organisms used in these experiments were: 7576=
(AAAT1), 7577=(AAAT2), 8177=(AMDHI1) and 7575=
(AMDH2). Results are shown in FIG. 12. Levels of amino
acids were not significantly different for any strain other than
AAAT2, which produced no detectable threonine and signifi-
cantly higher levels of lysine, glutamate/glutamine and argi-
nine. Amino acid values are expressed as a percentage of
individual amino acids in the total amino acid content of the
cells.

Amino Acid Composition in BY4741 Parental Strain and
KanMX Deletions of L.-Threonine Pathway Enzymes in that
Background

Amino acid analysis of P. stipitis HOM3 (8037) and
HOM3-R2 (8038) expressed from p416TEF in strain 7790
(BY4741 AHOM3::KanMX) (FIG. 13). Cells were grown in
defined medium lacking threonine and isoleucine for
approximately 24 hrs and extracted as previously stated. Lev-
els of L-threonine were significantly higher in the HOM3-R2
variant, and approached 35% of the total amino acid content
of the cells. Although no direct comparison was made, in
7790 the S. cerevisiae HOM3-R2 variant expressed from
CYC promoter achieved 30% threonine content compared to
35% for the P. stipitis HOM3-R2 mutant expressed from TEF.
The wild-type HOM3 from P. stipitis was also found to pro-
duce more threonine than wild-type HOM3 from S. cerevisiae
(15% vs. 10%) in strain 7790. Amino acid values are
expressed as a percentage of individual amino acids in the
total amino acid content of the cells.

Amino Acid Analysis of HOM3 (7718) and HOM3-R7
(8118) Expressed from p416TEF in Strain 7790 (BY4741
AHOM3::KanMX)

Constructs 7718 and 8118 were expressed in strain 7790
(FIG. 14). Cultures were grown for 48 hours in a defined
medium lacking threonine and isoleucine to select for HOM3
complementation. The slow growth of the cells expressing the
R7 mutation necessitated the extra 24 hours of growth com-
pared to cultures expressing the R2 mutation. Cells were
grown and extracted as stated previously. Significantly higher
1-threonine content was observed in cultures expressing
HOM3-R7 from the TEF promoter compared to the native
HOM3. The total 1-threonine content of the cells in the TEF
expressed HOM3-R7 culture reached 28% (wt/wt). Amino
acid values are expressed as a percentage of individual amino
acids in the total amino acid content of the cells.
Co-Expression Amino Acid Analysis

Amino acid analysis of co-expression of AAT1 (7957),
AAT2 (7961), MDHI (7958), MDH2 (7962) and PCK (7959)
together with HOM3-R2. Strain 7960 contained an empty
p415TEF plasmid as a control. (FIG. 15.) All enzymes were
expressed from p415TEF, with the exception of HOM3-R2,
which was expressed from p416CYC. Constructs were made
in strain 7768 (BY4741 ILV1:: TEF-Ilv1l-tbr). Cultures were
grown for 24 hrs in a defined medium lacking threonine and
isoleucine and cells were prepared for amino acid analysis as
described previously. Levels of amino acids were similar, and
threonine content was significantly lower than that found in
strains containing a wild-type ILV1, indicating that threonine
is limiting in 2-MBO production. In cells expressing AAT2
and MDH2, higher levels of homoserine were observed, con-
sistent with what was observed when HOM3-R2 was
expressed by itself. Specifically, the 7% homoserine content
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found in the culture expressing MDH2 with HOM3-R2 was
the highest seen in any culture tested, indicating THR1 limi-
tation and potentially higher flux through the Asp/Thr path-
way than HOM3-R2 alone. Also of note is the significantly
higher alanine content when PCK is expressed with HOM3-
R2, potentially indicating an increase in pyruvate concentra-
tion, leading to increased alanine. Amino acid values are
expressed as a percentage of individual amino acids in the
total amino acid content of the cells.
Amino Acid Analysis of P stipitis HOM3 and HOM3-
R2Expressed from p416TEF in Strain 7790

An amino acid analysis of P. stipitis HOM3 and HOM3-R2
expressed from p416TEF in strain 7790 (HOM3=8039,
HOM3-R2=8040) and BY4741 (HOM3=8119, HOM3-
R2=8120) was conducted (FIG. 16). Cells were grown in
defined medium lacking threonine and isoleucine for
approximately 24 hours and extracted as previously stated.
Levels of 1-threonine were as observed before in the 7790
strain (35% total amino acid content), and expression of this
enzyme in the background of chromosomally encoded S.
cerevisiae HOM3 was not significantly diftferent. The threo-
nine level for wild-type P. stipitis HOM3 in 7790 was
approximately the same as previously observed (~15%). Sur-
prisingly, this same enzyme expressed in the BY4741 back-
ground resulted in a significantly higher threonine level of
approximately 5%, suggesting a contribution from the native
HOM3. This could be interpreted as showing a theoretical
maximal level of threonine achieved by HOM3-R2, since no
additional threonine was detected by expression in BY4741.
Alternatively, it could indicate a limitation in upstream pre-
cursors, specifically oxaloacetate, since aspartate levels
appeared constant in the four different experiments. Addi-
tionally, alanine levels showed a significant decrease in the
HOM3-R2 strains. One possible explanation is increased
pyruvate flux into the Asp/Thr pathway via OAA, thereby
limiting direct transamination of pyruvate to alanine. Amino
acid values are expressed as a percentage of individual amino
acids in the total amino acid content of the cells.

Example 2

Identification of Genes Relevant for Methylbutanol
Production

The Saccharomyces cerevisiae deletion collection was
analyze to ascertain which specific loci are relevant to
2-MBO production. Various strains designated by their gene
deletion using nomenclature consistent with the Saccharomy-
ces Genome Database project were transformed with
p415TEF-ILV1#2% and the control empty vector p415TEF.
FIGS. 17 and 18 show the production of 2-MBO, while FIG.
19 shows the corresponding production of 3-MBO. The table
below shows data relating to the production of 2-MBO in
HOM32%; TEF ILV17% host strain with the addition of key
genes in the pyruvate to threonine pathway.

2-MBO

Strain Genotype (uM)

8102 TEF HOM372R: TEF ILV172 p413TEF-PCK (Ps) 427.49
p415TEF-THR1(Ps) p416 TEF-MDH2(Ps)

8103 TEF HOM3™2R: TEF ILV172R p413TEF-PCK (Ps) 405.55
p415TEF-HOMG6(Ps) p416 TEF-PYC(Ps)

8104 TEF HOM372R: TEF ILV172R p413TEF-PCK (Ps) 1441.41
p415TEF-HOMG6(Ps) p416 TEF-MDH?2(Ps)

8105 TEF HOM3™2R: TEF ILV172R 1FBR p413TEF-PCK(Ps) 1122.6

p415TEF-THR1(Ps) p416 TEF-PYC(Ps)
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-continued
2-MBO
Strain Genotype (uM)
8050 TEF HOM37BR: TEF ILV172% p415TEF 2045.39
8107 TEF HOM37BR: TEF ILV172R p413TEF-PYC(Ps) 3339.02
p415TEF-THR1(Ps) p416TEF-HOM?2(Ps)
8108 TEF HOM37ZR: TEF ILV172R p413TEF-PYC(Ps) 3508.43

p415TEF-THR1(Ps) p41 6TEF-MDH2(Ps)

Example 3

Identification and Modification of Genes Relevant
for Methylbutanol Production

Elevated intracellular pools of threonine accumulate in the
cytoplasm of S. cerevisiae. The deamination of threonine is
carried out by two enzymes; a catabolic threonine dehy-
dratase (CHAL; FIG. 20) and a mitochondrial threonine
deaminase (ILV1; FIG. 21). Experimental evidence has
shown that overexpression of either of these enzymes results
in increase production of 2-methylbutanol (2-MBO) in the
growth medium. The production of 2-MBO can be further
elevated by the modification of amino acid sequence ILV1
that are thought to be involved in the binding of isoleucine and
create a feedback mechanism to shut down the pathway when
intracellular amounts of isoleucine are in excess. The com-
mitted steps to isoleucine production and the conversion of
threonine take place in the mitochondria. The key enzymes in
the pathway (threonine deaminase, acetolactate synthase,
acetohydroxyacid reductoisomerase and dihydroxyacid
dehydratase are expressed in the nucleus and translocate to
the mitochondria). To alleviate potential redox issues and to
create a cytoplasmic isoleucine pathway a bioinformatics
study was carried out to remove the mitochondrial targeting
sequence or express prokaryotic counterparts which have no
organelle targeting components (Table 1).

Using the TargetP informatics program, attempts were
made to predict the mitochondrial targeting sequence of the
isoleucine pathway genes/proteins and to determine which
deletions would leave these enzymes residing within the cyto-
plasm. Table 2 below shows the TargetP results.

TABLE 2

TargetP Mitochondrial Targeting Sequence Prediction of
Saccharomyces cerevisiae Isoleucine Pathway Genes

Length Loca-
Gene (Enzyme) (aa) mTP SP  Other tion RC TPlen
Ilv1 (threonine 576 0.620 0.016 0408 M 4 31
deaminase)
Ilv2 (acetolactate 687 0949 0.012 0124 M 1 37
synthase-subunit)
Ilv6 (acetolactate 309 0.962 0.028 0.057 M 1 24
synthase-subunit)
IIvs 395 0947 0012 0108 M 1 22
(acetohydroxyacid
reductoisomerase)
Ilv3 dihydroxyacid 585 0.610 0071 0337 M 4 20
dehydratase

mTP = probability that the sequence is mitochondrial targeted
TPlen = length of the predicted N-terminal presequence; for example, cleavage site is

predicted to be after 22aa’s for ilvS.

A series of experiments were undertaken to evaluate the
intracellular location of the wild-type ILV pathway enzymes
and their subsequent truncated counterparts. Two sets of dele-
tions were made: one with a 6x His-tag (for localization/
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identification purposes), and a second set without one (to be
used for functionality and complementation experiments).
Truncations were created with primers designed to give an
N-terminal amino acid deletion and where applicable a C-ter-
minal 6x His-tag.

Example 4

Protocols Used for Spheroplast Treatment,
Fractionation, and Immunoblot Spheroplast
Treatment

Spheroplast treatment was accomplished by following the
manufacturer’s instructions. A 500 ml culture of the selected
yeast cell line was grown to an ODg,,=1.2-1.8 in SD-Leucine
selective liquid media. Cells were harvested by centrifugation
at 3000xg for 5 minutes. Two water washes followed with
centrifugation steps—3000xg for 5 minutes. The pellet
weight was determined. The cell pellet was then resuspended
in 1.4 ml/gram wet weight of TE Buffer, pH 8.0. The final
volume of the resuspended cells was brought to 3.5 ml/gram
wet weight with sterile-filtered Mill-Q water. Next 17.5 ul of
[p-Mercapto-ethanol per gram wet weight was added to the
mixture to remove the mannan layer. The cell mixture was
incubated at 30° C. with gentle shaking on an orbital shaker
for 15 minutes. Following mannan removal, the cell mixture
was centrifuged at 3000xg for S minutes at room temperature.
The cell pellet was then resuspended in 4.0 ml of S-Buffer
(1.0M Sorbitol, 10 mM PIPES, pH 6.5)/gram wet weight and
centrifuged again at 3000xg for 5 minutes. Next, the cell
pellet was resuspended again in 4.0 ml S-Buffer/gram wet
weight, with the addition of 50 U of Zymolyase to remove the
cell wall. This cell mixture was incubated for 60 minutes at
30° C. with gentle shaking on an orbital shaker. Post Zymol-
yase activity, the spheroplasts were harvested by centrifuging
at 3000xg for 5 minutes at 4° C. Spheroplasts were then
resuspended in 2.0 ml S-Buffer per gram wet weight and
centrifuged again at 3000xg for 5 minutes. This step was
repeated for two washes, and the final pellet was resuspended
in 20 ml S-Buffer ready fro fractionation.

Fractionation

Cells were lysed via MICROFLUIDIZER at 1200 psi (Mi-
crofluidics Inc.). The cell volume was passed through the
microfiuidizer 5 times with rest periods on ice for 1 minute
between passes. A diluted sample of cells was checked under
the microscope to ensure at least 80% lysis. Three 100 ul
samples of this mixture were saved at labeled “crude extract.”
The crude extract was then centrifuged at 1000xg for 5 min-
utes at4° C. The supernatant was transferred into a new sterile
centrifuge tube and centrifuged again at 13,000xg in a
JA-20000 rotor for 10 minutes at 4° C. The pellet from the first
(1000xg) spin was resuspended in 1.0 ml of Tris Buffer, pH
7.5, and three 300 pl aliquots were saved. Once the second
(13,000xg) spin finished, the supernatant was transferred to a
new sterile tube and the pellet was resuspended in 1.0 ml of
Tris Buffer, pH 7.5. Three 1.0 ml aliquots of the supernatant
were saved and labeled cytosolic fraction. Three 300 pl ali-
quots of the resuspended pellet were saved and labeled mito-
chondrial fraction. Protein concentrations of each fraction
were determined via BCA assay kit (Thermo Scientific Inc).
Western Blot Analysis

A 4-12% Bis-Tris SDS-PAGE gel (Invitrogen Inc.) was
run, with a total protein concentration of 7.0 ug of each
fraction. The gel was run in 1xMES buffer for 35 minutes.
One gel was saved to Coomassie stain, and the second was
transferred to a PVDF membrane via iBlot system (Invitrogen
Inc.). Detection of his-tagged protein was accomplished via
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Western Breeze chemiluminescent kit (Invitrogen Inc.). The
primary antibody was an anti-his (C-term)/AP Ab used o u
according to manufacturer’s recommendation=1:2000 dilu-
tion for 2 hr at room temperature (cat#46-0284; Invitrogen
Inc). 5 OH 0
FIG. 22 A-D shows the results of this work. o CO;  Acetaldehyde
The functional activity of these putative cytoplasmic vari- Pyrvat
ruvate
ants of the Saccharomyces pathway was demonstrated by 4
complementation of deletion strains.
TABLE 3
Complementation of Deletion Strains for Isoleucine Pathway
Host strain Complementation Complementation — Strain
Genotype Plasmid Gene source on SD-ILe on SFOA number
Mata his3A1  p415Tefllvl S. cerevisiae +++ 7683
leu2A0 p415Tefllvl-Fbr  S. cerevisiae +++ 7748
met15A0 pA15TefilviA25  S. cerevisiae +++ 7757
ura3A0 pA15TefilviA35 S, cerevisiae ++ 7684
ilvl:KanMX p415TefilviA45  S. cerevisiae ++ 7685
p415Tefllvl- S. cerevisiae ++ 7934
FbrA45
p415TefilvA C. glutamicum - -
(c. opt)
p415TefilvA-Fbr  E.coli ++ 7510
p415TefilvA E. coli ++ -
p415TefCimA L. interrogans - -
(Kozak)
p415Tefilvlfor P. stipitis +++ -
Mata his3A1  p415TefilvS full  S. cerevisiae +H++ -
leu2A0 pA15TefilvSAlS S, cerevisiae +H++ -
met15A0 pA15TefilvSA25  S. cerevisiae -
ura3A0 pA15TefilvSA35 S, cerevisiae -
ilv5:KanMX p415TefilvSA45  S. cerevisiae -
pale6Tefilvs  p4l15TefilvSA3S  P. stipitis
A similar experiment was carried out with analogous genes ;5 -continued
from Pichia stipidis the constructs shown in the below. The Q H
results are provided in FIG. 23A-D. \/K
OH : O
o CO, Propanaldehyde
Strain 40
Strain Description number 2keto butyrate
O O
S7209 p416TEF 7209
B pA1STEF ilvB (Ec) 7302 0 H
B+N p415TEF ilvB (Ec) p414TEFilvN (Ec) 8129 us
G p413TEF ilvG' (Ec) p415TEF 7307 oo CO;
G+M p415TEF ilvG'(Ec) p416TEFilvM(Ec) 7558 2 keto-3-methy Ivalerate Imethyl butanal
I p415TEF ilvI(Ec) 7560
I+H p415TEF ilvI(Ec) p416TEF ilvH(Ec) 7559
S ce2 p414TEF ILV2 p415TEF 7309 s In order to channel the metabolic flux towards maximum
246 p415 TEF ILV6 p414TEF ILV2 7313 2-MBO production, the keto acid decarboxylase should have
B(Cglu)  p415TEFilvB (Cg) 7306 high K, for pyruvate and 2-ketobutyrate, and a very low K,

Example 5

Identification/Evolution of a Keto Acid
Decarboxylase for Increased 2-Methylbutanol
Production

Pyruvate, 2-ketobutyrate and 2-keto-3-methylvalerate are
the three critical keto acids whose fate is linked to the amount
ot 2-MBO production. All these three keto acids can be con-
verted to their respective aldehydes by a decarboxylation
reaction performed by a keto acid decarboxylase.
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for 2-keto-3-methylvalerate. A high K,, for pyruvate would
prevent conversion of excess pyruvate to acetaldehyde and
subsequently ethanol. Concomitantly, a high K, for 2ketobu-
tyrate would prevent production of excess propanaldehyde
and subsequently propanol.

Saccharomyces cerevisiae possesses several genes encod-
ing keto acid decarboxylases. These enzymes have been listed
as PDC1, PDC5 and PDC6. PDCI1 is the major of the three
decarboxylase isozymes and is involved in ethanolic fermen-
tation. Transcription of the other isoforms is glucose and
ethanol dependent. PDC1 and PDCS5 expression may also be
controlled by autoregulation.

PDCs from heterologous sources have been reported for
high affinity for branched keto acids. KdcA of Lactococcus
lactis is the most prominent branched chain keto acid decar-
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73
boxylase (Gocke et al, 2007; Berthold et al, 2007). The activ-
ity of this enzyme, when expressed in S. cerevisiae, has how-
ever not been described -earlier. Other unexplored
heterologous PDCs include those of the xylose fermenting
yeast Pichia stipitis (PDC1, PDC2 and PDC3(6).

The Lactococcus lactis KdcA and S. cerevisiae and P.
stipitis PDCs were cloned into yeast expression vector p415
under the control of TEF promoter. The host strain was a
PDCI1 deletion strain. Crude extracts were prepared for enzy-
matic assays by incubating cell pellet with CelLytic (Sigma),
followed by bead beating. The decarboxylase reaction was
performed in 100 mM Citrate Phosphate buffer with 1 mM
Thiamine diphosphate, 1 mM MgCl, and 50 uM to 20 mM
aldehyde. The assay was coupled to an alcohol dehydroge-
nase which enabled continuous monitoring of NADH or
NADPH oxidation at 340 nm.

The substrate specificity of the crude extract overexpress-
ing different PDC/Kdcs was tested with a broad range of
aldehydes. This included acetaldehyde, butyraldehyde and
2-methylbutyraldehyde. The concentration of the aldehydes
was varied from 50M to 20 mM to determine the K, andV,,
values.

Example 6
Decarboxylase Activity on 2-keto-3-methylvalerate

2-keto-3-methylvalerate (2K3MV) was tested for decar-
boxylation and subsequent reduction using PDC/KDC-
ADHG6 coupled assays. The results are shown in F1G. 24 (a-f).
The assays show that P. stipitis PDC3/6 has the lowest K,
(0.84 mM) for 2-keto-3-methylvalerate. This indicates that P.
stipitis PDC 3/6 is functional in yeast and an important can-
didate gene for increased 2-methylbutanol production. The
other enzyme with low K, for 2-keto-3-methylvalerate is
KDCA from L. lactis with a K,,, of 3.7 mM. However, the
V ax Value of Pichia PDC3-6 is 3.4 fold higher than KdcA
indicating that it is the most active enzyme on 2-keto-3-
methylvalerate.
Decarboxylase Activity on 2-Keto Butyrate

NADH dependent coupled assays with yeast ADH1 were
carried out to determine the decarboxylase activity of yeast
and heterologous enzymes on the substrate 2 keto butyrate (2
KB). 2 KB is an intermediate in the production of 2-meth-
ylbutanol. A high decarboxylase activity on 2 KB can lead to
its conversion to propanal and reduce the yield of 2-MBO.
Hence, a decarboxylase with a high K, for 2-ketobutyrate is
of high value. Enzyme assays show that L. lactis KDCA,
Pichia stipitis PDC3-6 and the Kdc-PDC3/6 fusion protein
KPK are equivalent in their affinity for 2-ketobutyrate (See
FIG. 25 a-f). The enzyme with the lowest K,, for 2-ketobu-
tyrate is yeast PDC1 and therefore the corresponding gene
needs to be deleted in the 2-MBO production strain (data not
shown). The Vmax value of PDC3/6 is about 3.4 fold higher
than KDCA. However, the Kms of the two enzymes are
relatively close which suggests equal affinity for 2 keto
butyrate.
Decarboxylase Activity on Pyruvate

Pyruvate is the target for multiple enzymes and a decar-
boxylation of the compound can lead to the production of
acetaldehyde and subsequently ethanol. To prevent decar-
boxylation of pyruvate and increase 2-MBO production, a
keto acid decarboxylase with a very high K, for pyruvate is
ideal. Hence, all the enzymes overexpressed in S. cerevisiae
were tested for their activity with pyruvate as substrate. The
kinetic curves obtained with pyruvate as substrate were sig-
moidal. This could be due to the fact that there are multiple
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enzymes in the crude extract with different K, for pyruvate.
The final curve is therefore the superposition of individual
curves. Absolute K, values could therefore to be calculated
(FIG. 26).

The Km and Vmax values for different enzymes and sub-
strates are summarized below.

Km (mM) Vmax (uM/min/mg)
2 keto 2keto
3methyl 2 keto 3methyl 2 keto
Strain valerate butyrate valerate butyrate Pyruvate
APDC1 5.263 6.741 834.3 4924.0 8189
L. lactis 3.749 6.054 987.3 2053.0 10069
KDCA
P. stipitis 0.8399 6.5090 3359. 5389 12624
PDC 3/6
KPK 8.563 4.909 819. 1934 6880
(KDCA-
PDC3/6
fusion)

From the above results, it can be concluded that either
Lactococcus lactis KdcA or PDC3-6 from Pichia stipitis are
the most suitable keto acid decarboxylases for increased
2-MBO production. Pichia stipitis PDC3/6 is however a
superior enzyme for decarboxylation of branched keto acids.

Example 7

Identification of an Alcohol Dehydrogenase (ADH)
with High Affinity for Branched Aldehydes

The genome of S. cerevisiae shows the presence of 7 dif-
ferent alcohol dehydrogenases (ADHs). The ideal ADH for
2-MBO production should be able to reduce branched alde-
hydes. Therefore, the enzymes ADH1, ADH6, and ADH7
were overexpressed in yeast and were tested for their reduc-
tase activity on various aldehydes. Yeast ADH1, which is also
commercially available was very active on acetaldehyde and
butyraldehyde, but was ~5000 fold less active on 2-methyl
butaraldehyde than acetaldehyde (FIG. 27). This suggested
that ADH1 is not an ideal enzyme in the 2-MBO production
pathway.

Yeast ADH6 and ADH7 have been reported as broad sub-
strate specificity alcohol dehydrogenases. These enzymes
were therefore overexpressed in S. cerevisiae under the con-
trol of TEF promoter and enzyme assays were carried out
with crude extracts. Both ADH6 and ADH7 were active on
2-methylbutanal and were NADPH dependent reductases.

ADHG6 showed higher affinity for branched aldehyde and
was subsequently cloned as a histidine tagged protein in the
yeast expression vector p415TEF and purified by affinity
chromatography.

Enzyme assays for aldehyde reductase activity were car-
ried out in 100 mM citrate phosphate buffer pH6.2, 0.5 mM
NADPH and 0.05 to 20 mM substrate (acetaldehyde or 2-me-
thylbutanal). The reaction was monitored for 5 minutes at 340
nm for oxidation of NADPH to NADP+. Results are shown in
FIG. 28.

The pure enzyme showed Michaelis Menten kinetics for
both the substrates. The K, and V,,, ., values were determined
for both acetaldehyde and 2-methyl butyraldehyde and are
summarized in FIG. 29.

As evident from the above figures, yeast ADH6 shows a
lower K, (0.36 mM) for 2-methyl butyraldehyde than acetal-
dehyde (0.58 m). The V,,, ., value (cofactor oxidation rate) for
2-methyl butyraldehyde is also 1.3 fold higher than acetalde-
hyde (FIGS. 30 and 31).
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ADHG6 was therefore identified as the ideal enzyme for
2-MBO production due to its ability to perform reduction of
2-methyl butyraldehyde to 2-methylbutanol.

Example 8

Pyruvate (PDC) and keto-acid decarboxylase (Kdc)
Screening

Genes screened for increased production of 2-MBO
included: PDC1 (S. cerevisiae), PDCS (S. cerevisiae), PDC6
(S. cerevisiae), THI3 (S. cerevisiae), PDC1 (P, stipitis), PDC2
(P, stipitis), PDC3-6 (P, stipitis), KivD (L. lactis), KdcA (L.
lactis), KdcA-S286Y (L. lactis), and Kdc (M. tuberculosis).

The aim of the characterization of these genes was to
distinguish decarboxylases with a low Km for 2-keto-3-me-
thylvalerate and a high Km for pyruvate.

Bioinformatic and structural analysis show structure simi-
larities to pyruvate decarboxylase and keto acid decarboxy-
lases. Amino acid and conserved domain analysis showed the
potential for mutation or switching active sites with the pos-
sibility of turning a PDC into a Kdc, thereby altering the
affinity of Saccharomyces PDC for pyruvate and other keto
acids and forcing the conversion of 2-keto-3-methylvalerate
to the 2 methyl-butyraldehyde.

PDC1 Mutant Library

Pdclp (S. cerevisiae) was aligned with KdcAp (L. /actis) to
determine if the same sites altered in KdcAp to increase
affinity for 2-keto-3-methyl-valerate could be saturated in
Pdclp via degenerate primers to (FIG. 32). Primers were
designed to produce various mutants, as exemplified in FIG.
33. Exemplary exchange sites were selected, as illustrated in
FIGS. 34 and 35. Exemplary constructions were generated as
shown in FIGS. 36-38.

These mutant libraries were transformed into yeast and
tested in high-throughput style for increased levels of 2-MBO
when fed threonine at 20 mM.

Fusion Proteins

To attain the strong characteristics of PDC1 and KDCA,
high activity in S. cerevisiae and high affinity towards 2-keto-
3-methyl-valerate, respectively, different protein fusions
were created linking the two proteins at different domain
locations. Images of the domains were downloaded from
NCBI and sites were chosen by visualizing the crystal struc-
ture of both Pdclp and KdcAp.

TABLE 4

This 2-MBO Production in the PDC1A background. Data shows that
KdcAp from Lactococceus lactis is better for final MBO production

SGI # Full Name 3-MBO 2-MBO
7658 APDC1: p415TEF-Kdc (Mt) 98.69 61.42
98.37 61.79
100.10 66.77
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TABLE 4-continued

This 2-MBO Production in the PDC1A background. Data shows that
KdcAp from Lactococceus lactis is better for final MBO production

SGI # Full Name 3-MBO 2-MBO
7659 APDCI: p415TEF-KdcA(L1) 183.94 170.07
187.04 181.92
190.16 190.95
7660 APDCI: p415TEF-PDC1 106.13 84.49
101.55 79.94
106.81 91.68

Additional fusion proteins between L. lactis KDCA and P.
stipitis PDC3-6 were also made as shown in FIG. 39-41.

Example 9

Evaluation of Transcripts (mRNA) by
Semi-Quantitative PCR

Method for RNA Extraction from Yeast Cells Using Glass
Beads

2.0 ml tubes containing 0.25 g acid washed glass beads (0.5
mm diameter) and 250 pl Phenol:CHCl;:isoamyl alcohol (25:
24:1) were prepared in advance and placed on ice. Yeast was
collected at 5 ODg, units (e.g., 10 ml of ODg, 0.5). Cells
were spun at 4° C. for 5 minutes at 2000 rpm, then resus-
pended in 2 ml ofice cold DEPC-treated HE (10 mM HEPES,
1 mM EDTA, pH 8) and transferred to microfuge tubes. Cells
were then spun a second time at 4° C. for 30 seconds at top
speed. Pellets were stored on ice for immediate use. Cells
were resuspended a second time in 250 ul HENS buffer (10
mM HEPES-NaOH, pH 7.5 Treat with DEPC, 1 mM EDTA,
300 mM NaCl, and 0.2% SDS) and quickly transferred to 2.0
ml tubes with glass beads. Cells were then vortexed for 10
seconds, doing one tube at a time and placed on ice. All tubes
were then vortexed at 4° C. for 30 minutes (25-75% break-
age). The tubes were then spun for 30 minutes at 4° C. at top
speed. 200 pl of the supernatant was transferred to a 1.5 ml
microfuge tube without collecting any of the interface.
Extraction was repeated adding an equal volume Phenol:
CHCly: isoamyl alcohol, then vortexed for 15 seconds and
spun for 5 minutes at top speed. Three volumes of 100%
EtOH was added to the supernatant then mixed thoroughly.
Samples were precipitated overnight at —20° C. Samples were
then spun at 4° C. for 30 minutes at top speed. Supernatant
was carefully removed and pellets were washed with 150 pl of
75% EtOH (DEPC treated). Pellets were spun again for 5
minutes at top speed, supernatant was carefully removed.
Samples were dried in Speed-Vac and resuspended in 10 pl
DEPC-treated ddH2O per 1 OD600 unit. RNA solution was
kept on ice once pellet was dissolved and used immediately
with the INVITROGEN SUPERSCRIPT III REVERSE
TRANSCRIPTASE KIT. RNA was tested for equal concen-
tration prior to cDNA production via equal loading on an
RNA denaturation gel. RNA was stored at -20° C. for a
maximum of one week.

TABLE 5
Primergs ugsed for RNA Expression ZAnalysis of Specific Yeasgt Genesg
Primer #Gene Amplified Primer SEQ ID NO
283 KdcA Forward Primer 5'-atgtatactgtgggggattatttgttggat-3' SEQ ID NO: 91
284 KdcA Reverse Primer 5'-ttatttgttttgctcagcaaatagtttccc-3' SEQ ID NO: 92
370 ACT1 Forward Primer 5'-atggattctgaggttgctgctt-3' SEQ ID NO: 93
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Primers used for RNA

Expresgion Analysis of Specific Yeast Genes

Primer #Gene Amplified Primer SEQ ID NO
371 ACT1 Reverse Primer 5'-ttagaaacacttgtggtgaacgatag-3' SEQ ID NO: 94
372 ADHeé Forward Primer 5'-atgtcttatcctgagaaatttgaaggta-3' SEQ ID NO: 95
373 ADH6 Reverse Primer 5'-ctagtctgaaaattctttgtecgtag-3'! SEQ ID NO: 96

The synthetic SGI YACv1.0 was created by Isothermal
assembly reaction using individual gene cassettes, and also
truncated-hybrid cassettes. The individual gene cassette
method is first described. The following genes were previ-
ously subcloned into p4xx series yeast plasmids. All plasmids
contained the TEF promoter and CYC terminator. Promoter-
ORF-Terminator cassettes were amplified from plasmids
with primers to create 40 base overlaps to either tandem
cassettes or pYAC4 EcoRI flanking bases (See FIG. 42).

Example 10
Individual Gene Cassette Method

Six cassettes were amplified and gel purified, then mixed
together with the pYAC4 digested with EcoRI and gel puri-
fied in equal molar ratios and assembled by Isothermal
Assembly method. The genes included in each cassette are
listed below.

Cassette Gene Source Organism
1 ilvAFER E. coli
2 ilvG E. coli
3 ilvC E. coli
4 ilvD E. coli
5 kdecA L. lactis
6 ADH6 S. cerevisiae

The Isothermal Assembly Reaction was setup in 201 reac-
tions. The final concentrations were: FINAL 80 pl mixture;
containing 100 mM Tris-Cl pH 7.5), 10 mM MgCl,, 200 uM
dGTP, 200 uM dATP, 200 pM dTTP, 200 uM dCTP, 10 mM
DTT, 5% PEG-8000, 1 mM NAD, 0.004 U pl~" TS exonu-
clease (Epicentre), 0.025 U ul~* Phusion polymerase (NEB),
4 U ul Taq Ligase (NEB), and DNA mixture ~40 ng per kb.

The reaction was left at 50° C. for 1 hr, then phenol chlo-
roform extracted, and NaCl precipitated. It was resuspended
in 20 pl H,O, and transformed into S. cerevisiae ATCC
200897 strain (MAToa ade2A::hisG his3A200 leu2A0
met15A0 trp1A63 ura3A0) and selected on SD-ura-trp agar
plates with 20 mg/I. of adenine for red and white colony
selection in pYAC4. This is because the Sup-4-o suppressor
tRNAgene has the EcoRI site in the middle, and this was
where we inserted our cassettes. Colony PCR (RedTaq) was
used to screen 96 colonies. Primers were designed to amplify
a 1.6 kb band from the middle of ilvC to the middle of ilvD.
The hit was then streaked out, and the new circular YAC was
purified using the Yeast Plasmid Prep II kit (Zymo Research).
This was transformed into STBL4 cells (Invitrogen), and 3
colonies were grown and sent to sequencing. The preps were
put through PCR profiling that spanned across the construct
from the middle of one gene to the middle of the next tandem
gene (data not shown).

Plasmid preps from 3 different STBL4 transformants as
well as the empty vector were put into 8 different PCR reac-
tions each. A=1.6 kb amplified from -400 bases upstream of
the EcoRI site in pYAC4 to the middle of ilvA.B=2.5 kb
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amplified from the middle of ilvA to the middle ofilvG.C=2.7
kb amplified from the middle of ilvG to the middle of
ilvC.D=1.8 kb amplified from the middle of ilvC to the
middle of ilvD.E=2.3 kb amplified from the middle of ilvD to
the middle of kdcA.F=2.4 kb amplified from the middle of
kdcA to the middle of adh6.G=1.3 kb amplified from the
middle of adh6 to +400 bases downstream of the EcoRI site in
pYAC4.H=4.1 kb amplified from middle ofilvC to the middle
of' kdcA. This spans the ilvD, as well as two repeating TEF-
CYC elements, thus the prevalent 1.5 kb band is amplified
because the template loops large TEF homologies, and the
polymerase amplifies the shorter fragment without the ilvD.
4.1 kb band is seen faintly.

Example 11
Truncated-Hybrid Method

The same method as the individual cassettes, but truncated
hybrid cassettes have repetitive elements tucked in the middle
of'the cassettes, and partial genes on either side. The truncated
hybrid cassettes are created by amplifying the primary cas-
settes (F1G. 43). These cassettes are then mixed together in an
equal molar ratio, and then PCR amplified again using prim-
ers located in the middle of the tandem gene cassette. The
product, the truncated-hybrid cassettes have 40 base overlap
homology to the next tandem truncated-hybrid cassette. The
same was done for the first and last genes using vector as one
of the overlapping primary cassettes. Six primary cassettes
and vector ends were used to create 7 truncated-hybrid cas-
settes. These bands were then gel purified and mixed together
in equal molar ratios.

Then 3 fragments were stitched together with Isothermal
Assembly to create 1 larger fragment of 7 kb (FIG. 44), and
the remaining 4 fragments were stitched together to create 1
larger fragment of 8 kb (FIG. 45). The Isothermal conditions
were the same as described above, however this time reac-
tions were setup with 400 ng/kb and left at 50 C for 3 hours.
The entire reaction was loaded onto a 0.8% agarose gel and
run for 1 hour at 60V, and gel purified using ZymoClean kit.
These were mixed with the linearized vector and stitched
together with Isothermal Assembly (100 ng/kb, 50 C 3 hrs),
and transformed into S. cerevisiae ATCC 200897 strain. In
parallel, the 3 final fragments were also transformed directly
into S. cerevisiae to allow for in-vivo recombination of the
fragments into a circular molecule (FIG. 46). Hits were
screened the same way as the “Individual Gene Cassette
Method” described above and sent to be sequenced. The
STBLA4 grown plasmids were sequenced by BATJ with 22
primers. The table below represents an entire insert
sequenced from the invitro recombination method using the 3
fragments.

Example 12
Truncated-Hybrid Method to Create 16 Gene YAC

Used the same method as the truncated-hybrid method to
create 6 gene YAC. 16 primary gene cassettes were amplified,



US 9,080,188 B2

79

then Overlap PCR was used to create the truncated-hybrid
cassettes. All genes had TEF promoter, CYC terminator. The
genes used were:

Gene Source Organism
PCK P. stipitis
AAT2 P. stipitis
HOM3ER P. stipitis
HOM2 P. stipitis
HOM6 P. stipitis
THR1 P. stipitis
THR4 P. stipitis
ilvAFBR E. coli

ilvG E. coli

ilvM E. coli

ilvC E. coli

ilvD E. coli
kdcA L. lactis
ADH6 S. cerevisiae

10

15

80

Three 3 sets of 4 fragments with overlap to each other, and
1 set of 3 fragments with overlap to each other, were stitched
together with Isothermal Assembly to create larger interme-
diate fragments, similar to the methods described above, but
with 16 genes total and 4 intermediate fragments. The Iso-
thermal conditions were the same as described above, how-
ever this time reactions were setup with 400 ng/kb and left at
50 C for 6 hours. The entire reaction was loaded onto a 0.8%
agarose gel and run for 1 hour at 70V, and gel purified using
ZymoClean kit. These were mixed with the linearized vector
(20 ng/kb each fragment) and transformed into S. cerevisiae
ATCC 200897 strain to allow for in-vivo recombination of the
fragments into a circular molecule. Colonies were screened
using primers to amplify across junctions of recombined
intermediate fragments. The presumed insert sequence of the
entire insert for 16 gene YAC is provided below (SEQ ID
NO:97).

atagcttcaaaatgtttctactecttttttactettecagatttteteggactecgegeategecgtaccacttcaaaacacccaageacageata

ctaaattteccectetttettectetagggtgtegttaattaccegtactaaaggtttggaaaagaaaaaagagaccegectegtttetttttettegte

gaaaaaggcaataaaaatttttatcacgtttetttttettgaaaattttttttttgatttttttetetttegatgaceteccattgatatttaagttaataaa

cggtetteaatttetcaagtttecagttteatttttettgttetattacaactttttttacttettgetecattagaaagaaagecatagcaatctaatctaagtt

ttctagaactagtggatcccccatggetgactegcaaccectgteeggtgetceggaaggtgecgaatatttaagageagtgetgegegege

cggtttacgaggeggegeaggttacgecgetacaaaaaatggaaaaactgtegtegegtettgataacgtcattetggtgaagegegaaga

tcegecagecagtgeacagetttaagetgegeggegeatacgecatgatggegggectgacggaagaacagaaagegecacggegtgate

actgettetgegggtaaccacgegecagggegtegegttttettetgegeggttaggegtgaaggeectgategttatgecaacegecacey

ccgacatcaaagtegacgeggtgegeggetteggeggegaagtgetgetecacggegegaactttgatgaagegaaagecaaagegat

cgaactgtcacagcagecaggggttcacctgggtgecgeegttegaccatecgatggtgattgecgggecaaggeacgetggegetggaac

tgctecagecaggacgeccatctegacegegtatttgtgecagteggeggeggeggtetggetgetggegtggeggtgetgatcaaacaac

tgatgcecgeaaatcaaagtgategecgtagaageggaagactcecegectgectgaaagecagegetggatgegggtcateeggttgatetge

cgegegtagggetatttgetgaaggegtageggtaaaacgcateggtgacgaaaccttecgtttatgecaggagtatetegacgacateate

accgtegatagegatgegatcetgtgeggegatgaaggatttattegaagatgtgegegeggtggeggaacectetggegegetggeget
gteg gcgatgeg gtgcggcgatgaagyg Jaagatgtgcegcegeggtggegy dgegegetggegety

gcgggaatgaaaaaatatatcgecctgeacaacattegeggegaacggetggegeatattettteeggtgecaacgtgaacttecacggee

tgcgetacgtetecagaacgetgegaactgggegaacagegtgaagegttgttggeggtgaccatteeggaagaaaaaggecagettectea

aattctgecaactgettggegggegtteggtcacegagttcaactacegttttgecgatgecaaaaacgectgeatetttgteggtgtgegect

gagccgeggectegaagagegcaaagaaattttgecagatgetcaacgacggeggetacagegtggttgatctetecegacgacgaaatgg

cgaagctacacgtgegetatatggteggeggacgtecategeatcegttgecaggaacgectetacagettegaatteceggaatcacegygy

cgegetgetgegettectcaacacgetgggtacgtactggaacatttetttgttecactatcacagecatggeacegactacgggegegtact

ggcggegttegaacttggegaccatgaaceggatttegaaaceeggetgaatgagetgggetacgattgecacgacgaaaccaataace

cggegtteaggttetttttggegggttagggggetgecaggaattegatatcaagettategatacegtegacctegagteatgtaattagttatyg

tcacgcttacattcacgeectecceccacatcegetetaaccgaaaaggaaggagttagacaacctgaagtetaggteectatttatttttttat

agttatgttagtattaagaacgttatttatatttcaaatttttettttttttetgtacagacgegtgtacgeatgtaacattatactgaaaaccttgettga

gaaggttttgggacgctegaaggctttaatttgeggecggtacccaattegeectatagtgagtegtattacgegegeatagettcaaaatgtt

tctactecttttttactettecagatttteteggacteegegeategeegtaccacttcaaaacaccecaagecacageatactaaatttecectettt

cttectetagggtgtegttaattaceegtactaaaggtttggaaaagaaaaaagagaccgectegtttetttttettegtegaaaaaggcaataa

aaatttttatcacgtttcttttteottgaaaattttttttttgatttttttetetttegatgacceteocattgatatttaagttaataaacggtetteaattte
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tcaagtttcagtttcatttttettgttctattacaactttttttacttecttgectcattagaaagaaagcatagcaatctaatctaagttttctagaactagtyg

gatccecccatgaatggegcacagtgggtggtacatgegttgegggeacagggtgtgaacacegtttteggttateegggtggegeaattatge
cggtttacgatgcattgtatgacggeggegtggageacttgetatgecgacatgagcagggtgeggcaatggeggetateggttatgeteg
tgctaccggcaaaactggegtatgtategecacgtetggtecgggegeaaccaacetgataacegggettgeggacgeactgttagattee
atccctgttgttgecatcaceggtcaagtgtecgecacegtttateggecactgacgeatttcaggaagtggatgtectgggattgtegttagect
gtaccaagcacagctttetggtgcagtegetggaagagttgecgegeatcatggetgaageattegacgttgectgetecaggtegtectggt
ceggttetggtegatateccaaaagatateccagttagecageggtgacctggaacegtggttcaccacegttgaaaacgaagtgactttece
acatgccgaagttgagecaagegegecagatgetggecaaaagegcaaaaaccgatgetgtacgttggeggtggegttggtatggegeagyg
cagttceggetttgegtgaatttetegetgecacaaaaatgectgecacctgtacgetgaaagggetgggegcagtagaageagattateeg
tactatctgggcatgetgggaatgecatggecaccaaageggegaacttegeggtgecaggagtgegacttgetgategeegtgggtgeacgt
tttgatgaccgggtgaccggcaaactgaacaccttegeaccacacgecagtgttatccatatggatategacceggecagaaatgaacaage
tgcgtcaggcacatgtggecattacaaggtgatttaaatgetetgttaccagecattacagcagecgttaaatatcaatgactggeagetacactyg
cgegeagetgegtgatgaacatgectggegttacgaccateceggtgacgetatectacgegecgttgttgttaaaacaactgtcagategta
aacctgeggattgegtegtgaccacagatgtggggeagecaccagatgtgggetgegecageacatcegeccacactegeceggaaaattte
atcacctecageggettaggecaccatgggttttggtttaceggeggeggttggegegeaagtecgegegaccaaacgatacegtegtetgta
tctecggtgacggetettteatgatgaatgtgecaagagetgggecacegtaaaacgcaageagttacegttgaaaategtettactegataace
aacggttagggatggttcegacaatggcagecaactgtttttecaggaacgatatagegaaaccaccettaccgataaccecgatttecteatgt
tagccagegectteggeatecctggecaacacatcaceegtaaagaccaggttgaageggcactcgacaccatgetgaacagtgatggyg
ccatacctgettecatgtetecaategacgaacttgagaacgtetggecgetggtgeegectggtgecagtaattcagaaatgttggagaaatta
tcatgatgcaacatcaggtcaatgtateggetetgagggetgecaggaattegatatcaagettategatacegtegacctegagteatgtaatt
agttatgtcacgcttacattcacgecctecccccacatecgetctaaccgaaaaggaaggagttagacaacctgaagtcetaggteectatttat
ttttttatagttatgttagtattaagaacgttatttatatttcaaatttttettttttttetgtacagacgegtgtacgecatgtaacattatactgaaaacct
tgcttgagaaggttttgggacgetegaaggetttaatttgeggectcactggecgtegttttacaacgtegtgactgggaaaaccatagettea
aaatgtttctactecttttttactettecagatttteteggactecgegecategecgtaccacttcaaaacacccaagcacageatactaaatttee
cctetttettectetagggtgtegttaattaceegtactaaaggtttggaaaagaaaaaagagacegectegtttetttttettegtegaaaaagy
caataaaaatttttatcacgtttctttttettgaaaattttttttttgatttttttetetttegatgaccteccattgatatttaagttaataaacggtette
aatttctcaagtttcagtttecatttttettgttetattacaactttttttacttettgectcattagaaagaaagcatagcaatctaatctaagttttetagaa
ctagtggatcccccatggetaactacttecaatacactgaatetgegecaacagetggeacagetgggeaaatgtegetttatgggecgegatgaa
ttcegecgatggegegagetaccttecagggtaaaaaagtagtecategteggetgtggegecacagggtctgaaccagggectgaacatgegt
gattctggtctegatatcetectacgetetgegtaaagaagegattgecgagaagegegegtectggegtaaagegaccgaaaatggttttaa
agtgggtacttacgaagaactgatcccacaggeggatetggtgattaacctgacgecggacaagcageactetgatgtagtgegeacegt
acagccactgatgaaagacggegeggegetgggetactegeacggtttcaacategtegaagtgggegagcagatcegtaaagatatcea
cegtagtgatggttgegecgaaatgeccaggecacegaagtgegtgaagagtacaaacgtgggtteggegtacegacgetgattgeectte
acccggaaaacgatccegaaaggcegaaggcatggegattgecaaagectgggeggetgeaaceggtggtecacegtgegggtgtgetygyg
aatcgtecttegttgeggaagtgaaatcetgacctgatgggegagcaaaccatectgtgeggtatgttgecaggetggetetetgetgtgetteg
acaagctggtggaagaaggtaccgatccagecatacgcagaaaaactgattcagtteggttgggaaaccatcaccgaagcactgaaacag
ggcggcatcaccectgatgatggaccegtetetetaacceggegaaactgegtgettatgegetttetgaacagetgaaagagatcatggeac
cectgttecagaaacatatggacgacatcatetecggegaattetettecggtatgatggeggactgggecaacgatgataagaaactgety
acctggegtgaagagaccggcaaaaccgegtttgaaacegegecgecagtatgaaggcaaaatcggegagcaggagtacttegataaag
gegtactgatgattgegatggtgaaagegggegttgaactggegttegaaaccatggtegattecggeatcattgaagagtetgeatattatg

aatcactgcacgagctgecgetgattgecaacaccategeccgtaagegtttgtacgaaatgaacgtggttatetetgatacegetgagtac
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ggtaactatctgttctecttacgettgtgtgecgttgetgaaaccgtttatggecagagectgcaacegggegacctgggtaaagetattecggaa
ggcgcggtagataacgggcaactgegtgatgtgaacgaagegattegecagecatgegattgagcaggtaggtaagaaactgegeggeta
tatgacagatatgaaacgtattgctgttgecgggttaagtgggetgcaggaattcgatatcaagecttategatacegtegacctegagtcatgta
attagttatgtcacgcttacattcacgccctecccccacatecgetctaaccgaaaaggaaggagttagacaacctgaagtctaggtecctatt
tatttttttatagttatgttagtattaagaacgttatttatatttcaaatttttettttttttetgtacagacgegtgtacgcatgtaacattatactgaaaa
ccttgettgagaaggttttgggacgetegaaggetttaatttgeggecctggegttacccaacttaategecttgecagecacateccccatagett
caaaatgtttctactccttttttactctteccagatttteteggacteegegeategecgtaccacttcaaaacacccaagcacagecatactaaattt
ccecctetttettectectagggtgtegttaattaccegtactaaaggtttggaaaagaaaaaagagaccegectegtttetttttettegtegaaaaa
ggcaataaaaatttttatcacgtttctttttcttgaaaattttttttttgatttttttctetttegatgacctecccattgatatttaagttaataaacggtet
tcaatttctcaagtttcagtttcatttttettgttctattacaactttttttacttettgetcattagaaagaaagcatagcaatctaatctaagttttctag
aactagtggatcccccatgectaagtaccgttecegecaccaccactcatggtegtaatatggegggtgetegtgegetgtggegegecacegyg
aatgaccgacgccgattteggtaagecgattategeggttgtgaactegttcacccaatttgtacegggtcacgtecatetgegegatetegyg
taaactggtcgccgaacaaattgaagcggcetggeggegttgecaaagagttcaacaccattgeggtggatgatgggattgecatgggeca
cggggggatgctttattcactgecatctegegaactgategetgattecgttgagtatatggtcaacgeccactgegecgacgecatggtetyg
catctctaactgcgacaaaatcacccecggggatgetgatggettecctgegectgaatatteeggtgatetttgttteceggeggeccgatgga
ggccgggaaaaccaaactttccgatcagatcatcaagetegatctggttgatgegatgatccagggegecagacccgaaagtatetgactec
cagagcgatcaggttgaacgttecgegtgtecgacctgeggttectgetcegggatgtttacegetaactcaatgaactgectgaccgaage
gctgggectgtegeagecgggcaacggetegetgetggcaacccacgecgacegtaagcagetgttecttaatgetggtaaacgecattgtt
gaattgaccaaacgttattacgagcaaaacgacgaaagtgcactgccgcegtaatatcegecagtaaggeggegtttgaaaacgecatgacyg
ctggatatcgecgatgggtggatcegactaacaccgtacttecacctgetggeggeggegecaggaageggaaatcgacttcaccatgagtgat
atcgataagctttccecgcaaggttccacagectgtgtaaagttgegecgagcacccagaaataccatatggaagatgttcacegtgetggtgg
tgttatcggtattcteggcgaactggategegeggggttactgaacegtgatgtgaaaaacgtacttggectgacgttgecgecaaacgetgg
aacaatacgacgttatgctgacccaggatgacgcggtaaaaaatatgttcegegecaggtectgcaggecattegtaccacacaggecattete
gcaagattgccgttgggatacgctggacgacgatcgegecaatggetgtateegetegetggaacacgectacagcaaagacggeggec
tggcggtgctctacggtaactttgeggaaaacggetgcatcgtgaaaacggcaggegtecgatgacagecatcectcaaattcaceggecegg
cgaaagtgtacgaaagccaggacgatgceggtagaagcgattcteggeggtaaagttgtegecggagatgtggtagtaattegetatgaag
gcccgaaaggeggtceggggatgcaggaaatgetctacccaaccagettectgaaatcaatgggteteggeaaagectgtgegetgatca
ccgacggtegtttetetggtggeacctetggtetttecateggecacgtetcaceggaageggcaageggeggecageattggectgattga
agatggtgacctgatcgctatcgacatcccgaaccegtggeattcagttacaggtaagegatgecgaactggeggegegtegtgaagegea
ggacgctcgaggtgacaaagectggacgccgaaaaatecgtgaacgtcaggtctectttgecectgegtgettatgecagectggcaaccag
cgccgacaaaggcgceggtgegegataaatecgaaactggggggt taagggectgcaggaattcgatatcaagettategataccgtegacct
cgagtcatgtaattagttatgtcacgcttacattcacgeccctecccccacatecegectetaaccgaaaaggaaggagttagacaacctgaagte
taggtccctatttatttttttatagttatgttagtattaagaacgttatttatatttcaaatttttettttttttetgtacagacgegtgtacgcatgtaaca
ttatactgaaaaccttgcttgagaaggttttgggacgctcegaaggcetttaatttgeggectttegecagetggegtaatagegaagaggeeccoag
caccgatatagcttcaaaatgtttctactecttttttactecttccagatttteteggactecegegecategeegtaccacttcaaaacacccaagea
cagcatactaaatttcccctetttettectctagggtgtegttaattaccegtactaaaggtttggaaaagaaaaaagagaccegectegtttetttt
tcttegtcgaaaaaggcaataaaaatttttatcacgtttetttttecttgaaaattttttttttgatttttttetetttegatgaccteccattgatatttaag
ttaataaacggtcttcaatttctcaagtttcagtttcatttttecttgttctattacaactttttttacttettgetecattagaaagaaagcatagcaatctaa
tctaagttttctagaactagtggatccecccatgtatactgtgggggattatttgttggataggttgcatgaattaggcategaggaaatetttggtyg

tacctggagattacaatttgcaatttetggaccagatcatatcgagagaggatatgaaatggattggtaacgcecaatgaattaaatgecageta
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tatggccgatggctatgcetegtaccaagaaagectgctgettttctgacaacttttggtgteggtgaattgtetgetattaacggactggeeggta

gttatgctgaaaatttgccagtagttgaaatagtcggaageccaacttctaaagtgecaaaacgatggcaaattegtgeatcatactetggeag
atggtgattttaagcacttcatgaaaatgecatgaaccegtaacggetgecagaactcettttaacagecgagaatgegacatatgaaattgate
gtgtactttctcagettttaaaggagagaaaacctgtttacataaacttacctgtegatgttgetgetgecaaagecagagaagecagecctgtet
cttgaaaaagaaagctccaccaccaacactaccgaacaagtgatattatctaaaattgaggaatcacttaaaaacgctcagaaaccagtagt
catagcgggtcatgaagtcataagttteggtettgaaaagactgtaacacaatttgtcagegaaacaaaattgectatcactactttgaacttty
gcaaaagtgcggtcegacgagtegttgecatcatttttgggtatctacaatggcaaactatcagaaatctcattgaaaaatttegtagaaagtge
ggatttcattctgatgttgggegtcaagetgacggattettetacgggggetttecactcaccatttggatgaaaacaaaatgatttcattgaacat
cgatgaagggatcatctttaataaggtagtggaagatttegattttagageegtggtttectecttatcagagttaaaaggtattgagtacgaag
ggcagtatattgataagcagtacgaggaatttattecttettetgetecactttetcaagategtttatggecaagecagtegagtecctgacacaa
agcaacgagactatagttgcagagcaggggacctecattetttggtgectctacaatttttetgaaateccaacagcagatttataggacaaccee
tttggggctectattggatatacttttecegecageecttggttcacaaatcgcagataaggagtcaagacatetgttattcataggtgatggtagte
tacaattaacagttcaagaattaggcctatcaataagggagaagttaaacccaatctgtttcataattaacaatgacggctacactgttgaaag
ggagatccacggaccaacacaatcatacaatgatattcccatgtggaactatagcaaattaceggagacttteggegecaacegaggataga
gtagtttcgaagatcgttaggactgagaatgaatttgttagegttatgaaggaageccaggetgatgtcaatagaatgtattggattgaattagt
tttggaaaaggaagatgcacctaaattactaaaaaagatggggaaactatttgctgagcaaaacaaataagggctgcaggaattegatatca
agcttatcgataccgtegacctegagtecatgtaattagttatgtcacgettacattcacgeectecceccacatecgetetaaccgaaaaggaa
ggagttagacaacctgaagtctaggtcectatttatttttttatagttatgttagtattaagaacgttatttatatttcaaatttttettttttttetgtaca
gacgcgtgtacgcatgtaacattatactgaaaaccttgcttgagaaggttttgggacgetegaaggetttaatttgeggecegecctteccaaca
gttgcgcagectgaatggcegaatggcatagettcaaaatgtttetactecttttttactettecagatttteteggactecgegeategecgtace
acttcaaaacacccaagcacagcatactaaatttececctetttettectetagggtgtegttaattacecegtactaaaggtttggaaaagaaaaa
agagaccgcctegtttetttttettegtegaaaaaggcaataaaaatttttatcacgtttetttttettgaaaattttttttttgatttttttetetttegat
gacctcccattgatatttaagttaataaacggtettcaatttetcaagttteagttteatttttettgttetattacaactttttttacttettgetecattag
aaagaaagcatagcaatctaatctaagttttectagaactagtggatcececatgtettatectgagaaatttgaaggtategetattcaatcacacy
aagattggaaaaacccaaagaagacaaagtatgacccaaaaccattttacgatcatgacattgacattaagatcgaagcatgtggtgtetge
ggtagtgatattcattgtgcagctggtcattggggcaatatgaagatgecgetagtegttggtecatgaaategttggtaaagttgtcaagetag
ggcccaagtcaaacagtgggttgaaagteggtcaacgtgttggtgtaggtgetcaagtetttteatgettggaatgtgacegttgtaagaatyg
ataatgaaccatactgcaccaagtttgttaccacatacagtcagecttatgaagacggctatgtgtegecagggtggetatgcaaactacgtcea
gagttcatgaacattttgtggtgectatceccagagaatattecatcacatttggetgetecactattatgtggtggtttgactgtgtactetecatty
gttcgtaacggttgeggtcecaggtaaaaaagttggtatagttggtettggtggtateggeagtatgggtacattgatttecaaagecatgggg
gcagagacgtatgttatttetegttettegagaaaaagagaagatgcaatgaagatgggegecgatcactacattgetacattagaagaaggt
gattggggtgaaaagtactttgacaccttegacctgattgtagtetgtgettecteecttacegacattgacttcaacattatgecaaaggetatyg
aaggttggtggtagaattgtctcaatctectataccagaacaacacgaaatgttategetaaagecatatggettaaaggetgtetecatttettac
agtgctttaggttccatcaaagaattgaaccaactettgaaattagtetetgaaaaagatatcaaaatttgggtggaaacattacctgttggtga
agccggegtecatgaagecttegaaaggatggaaaagggtgacgttagatatagatttaccttagteggetacgacaaagaattttcagact
aggggctgcaggaattcgatatcaagettategatacegtegacctegagtcatgtaattagttatgtcacgettacattecacgeccteccece
acatccgetctaaccgaaaaggaaggagttagacaacctgaagtctaggtecctatttatttttttatagttatgttagtattaagaacgttatttat
atttcaaatttttettttttttetgtacagacgegtgtacgcatgtaacattatactgaaaaccttgcttgagaaggttttgggacgetegaaggettt

aatttgcggec
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Fermentation Data
Threonine Deaminase

The conversion of L-threonine to 2-keto butyrate (2-0x-
obutanoate) is catalyzed by Threonine Deaminase (TD). Two
types of TD have been described. The catabolic TD is
expressed during the utilization of threonine as a nitrogen
source. This enzyme, encoded by the CHA1 gene, is prima-
rily genetically regulated. The biosynthetic TD, encoded by
the ILV1 gene in S. cerevisiae, catalyzes the same reaction.
However, this enzyme is subject to allosteric regulation by
isoleucine. Deregulation of TD either by expression of the
catabolic TD or expression of a biosynthetic TD that is insen-
sitive to isoleucine increased production of 2-MBO (F1G. 47).

Screening in tubes produced a similar result (1500-2000
uM 2-MBO in 24 hours).

Example 13

Cytosolic TD

In yeast, the metabolic reactions in isoleucine biosynthesis
from threonine are thought to occur predominantly in the
mitochondria. Expression of isoleucine-insensitive, cytosolic
TD resulted in the accumulation of propanol. Propanol results
from the decarboxylation and subsequent reduction of 2-KB.
The accumulation of propanol confirms the activity of the
recombinant or modified TD.

88
TABLE 5

Fermentation products during expression of cytosolic TD.

Strain
5 ID Description 3-MBO! 2-MBO Propanol Isobutanol
8002 p415TEF ILV1FER 130 102 632 1121
deltad5::His
7466 p4l4TEF ilvAT2R (Gg) 78 36 522 233
p415TEF
10 7511 p4l16TefilvAfPR (Ec) 75 52 1855 373
p415TEF
N/A Controls 73 125 317 514

!All concentrations are in pM.

P Example 14
Acetolactate Synthase (Acetohydroxy Acid
Synthase, ALS)
20

The first committed step in Valine/Leucine biosynthesis
and Isoleucine biosynthesis is catalyzed by ALS. This
enzyme catalyzes the formation of either 2-acetolactate from
two pyruvate molecules or formation of 2-aceto-2-hydroxy-
butyrate from 1 molecule pyruvate and 1 molecule of 2-KB.
25 The regulation of this enzymatic step is complex and its
biochemistry in S. cerevisiae has not been well characterized.

Expression of various ALS genes alone primarily lead to
increased isobutanol production (Valine production) in tube
experiments.

TABLE 6

Fermentation Products during ALS Expression

Strain ID Name 2-MBO! 3-MBO nPrOH iBuOH
7305  pAISTEF ILV6 5605 19437 349.65 210.21
7306  pAISTEF ilvB (Cg) 5555 18379 20429  256.52
7308  p415TEF ilvB (Ec) 5435 153.11 297.14  348.00
7309  pAI4TEF ilv2 + p415TEF 5344 18723 30937  506.19
7558  pAISTEF ilvG' (Ec) p416TEF ilvM(Ec) 1959 3239 14009 111.81
7559 pAISTEF ilvI (Ec) p416TEF ilvH(Ec) 5824 9393 32529 377.38
7560  pA1STEF ilvI(Ec) 1747 2317 5478  103.03
7561  pAISTEF ilvG’(E) 1554 2036 4635  87.06
7732 pAISTEF AlsS (Bs) 4800  67.33 217.07  360.02
7733 pAISTEF AlsS* (Bs) 5619 7499 31028 503.28
78838  pA1STEF ilv2(A45::His) 8791 10690 35070 99234
7800  pA1STEF AlsS (Bs)}-AHFGQ 9504 12521 355.78 1039.90
7891  pA1STEF AlsS (Bs)-VHFNQ 8693 14212 318.68 796.19
7892 pA1STEF AlsS (Bs)-VHFPQ 9646 12353 36270 1111.76
7893 pA1STEF AlsS (Bs)-VHFQQ 100.83 12840 354.80 112582
7914 pAISTEF ilv2:His 86.85 12899 34229 1375.85
7915 pAISTEF ilv2 (A25::His) 9557 111.87 327.92 941.70
7916 pA1STEF ilv2: (A35:His 81.87 12346 28578  624.58

!All concentrations are in M.

60 Example 15

TD and ALS
Co-expression of a cytosolic TD with a cytosolic ALS
decreases propanol production, indicating that the ALS is
65 competing with KDC for the 2-KB (Table 7). If the subse-
quent enzymes in the pathway were expressed in the cyto-
plasm, increased 2-MBO production would be expected.
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TABLE 7

90

Fermentation Products during Co-Expression of TD and ALS.

Strain ID Name 2-MBO! 3-MBO nPrOH iBuOH
7511  p416TEF ilvAT2R (Ec) p415STEF 51 75 1854 373
7720  p415TEF ilvG' (Ec) p413TEF-i1vA™2R(Ec) 49 76 896 497
7729  p415TEFilvl (Ec) p413TEF-ilvATER (Ec) 48 74 1061 580

IAll concentrations are in M.

Aspartate Kinase and TD

The first reaction in Threonine biosynthesis is catalyzed by
the allosteric enzyme aspartate kinase (AK), encoded by the
HOM3 gene in yeasts. The accumulation of intracellular
threonine in strains expressing threonine-insensitive AK sug-
gests that flux through this pathway had been increased.
Expression in a strain co-expressing an isoleucine-insensitive
TD increased 2-MBO specific productivity (FIG. 48). Fer-
mentation titer was further increased by expression of either
THR1 or THRA4.

15

TABLE 8

Increasing initial glucose concentration or feeding carbon
increased the final production of 2-MBO (FIG. 50).

GCN4 (“General Control Nondepressible”) encodes a
transcriptional activator and was originally characterized as a
positive regulator of genes expressed during amino acid star-
vation. In addition to the derepression of genes involved in 19
out of 20 amino acid biosynthetic pathways, Gendp may
directly or indirectly regulate the expression of genes

Fermentation Products in TD and AK Expression

Strain Genotype 3-MBO 2-MBO Propanol

isobutanol

8020 :TEF ILV7R p413TEF p415TEF p416CYC 118 2170 543
HOM3-R2

8021 :TEF ILVF2R pa13TEF p415TEF HOM2 125 2429 699
p416CYC HOM3-R2

8022 :TEF ILV7ER p413TEF HOMS6 p415TEF 124 2414 499
HOM 2 p416CYC HOM3-R2

8023 :TEF ILVF2R p413TEF THR1 p415TEF 132 2748 904
Hom2 p416CYC HOM3-R2

8024 :TEF ILVFZR p413TEF THR4 p415TEF 140 2834 581

HOM2 p416CYC HOM3-R2)

867

975

856

1068

824

Selection of ADH

Biochemical studies determined that the conversion of
2-MBA to 2-MBO is not effectively performed by the endog-
enously expressed alcohol dehydrogenases, which is pre-
sumed to be ADH1. This was evaluated in vivo by supple-
menting growth medium with the aldehyde precursor of
2-MBO in cultures expressing various alcohol dehydrogena-
ses.

Cultures of S. cerevisiae expressing various ADH enzymes
in an otherwise isogenic background were incubated by stan-
dard methods for 12 hours. A bolus of 2-MBA was added to
the medium at 12 hours EFT. Aldehydes are not charged and
can freely diffuse into the cells. Samples were collected
hourly and 2-MBO in the fermentation broth was measured.
The specific rate of 2-MBO production (umol 1-1 OD600-1
h-1) was determined during the period of excess 2-MBA
(FIG. 49). Based on these studies, expression of ADH6 from
S. cerevisiae is the most effective enzyme for the conversion
of 2-MBA to 2-MBO, though Ms-ADH1 and SFA1 were also 55
effective and likely not significantly different than the ADH6.
Maximum Production

40

45

50

involved in purine biosynthesis, organelle biosynthesis,
autophagy, glycogen homeostasis, and multiple stress
responses.

Under environmental stresses, such as amino acid starva-
tion, purine limitation, or nitrogen limitation, the translation
of GCN4 is induced. Gendp is a member of the basic leucine-
zipper (bZIP) family and binds DNA as a homodimer. Gendp
has been shown to bind the consensus sequence TGACTC,
located upstream of many genes induced during amino acid
starvation.

Constitutive expression of GCN4 from a plasmid in the
context of a GCN4+ strain increased 2-MBO productivity.
Strains with a chromosomal deletion in GCN4 complemented
with GCN4 did not produce this phenotype.

TABLE 9

2-MBO Production of GCN4 Overexpressing Strains

Strain # Description 3-MBO 2-MBO Propanol Isobutanol
8003 p415GPD GCN4 75 1369 316 409
8004 p415CYC GCN4 103 2340 418 491
8031 AGCN4 p415CYC GCN4 101 79 184 690
8032 AGCN4 p415GPD GCN4 91 73 340 836
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TABLE 9-continued

92

2-MBO Production of GCN4 Overexpressing Strains

Strain # Description

3-MBO 2-MBO Propanol

Isobutanol

8033 AGCN4 p415TEF GCN4 105 83 247

8034 AGCN4 p415CYC GCN4 p413TEF 88 1852 264
ILV1FBR

8035 AGCN4 p415TEF GCN4 p413TEF 91 1763 323
ILV17BR

802
514

718

Example 16

Citramalate Pathway

and 7. maritima cimA/leuA driven by the GPD promoter
yielded about a 15-fold to 50-fold increase at 450 pM to 1600
uM, respectively (FIG. 53).

15 A lower level or no citramalate is detected in yeast strains

The heterologous citramalate pathway (FIG. 52) provides a with full-length. cimA/}euA When grown in SD med@um

threonine-independent alternative to 2-oxobutanoate, an sqpplemented with .Ile (1sole1}cme) compared to SD medlum
intermediate in isoleucine biosynthesis and 2-MBO. Cur- Wlth no Ile, suggestlnga.posmble post-transla.tlonal allosteric
rently, published data encompasses characterization of this 1nh1b1t10n by Ile. There is a regulatory domain on the? C-.ter-
alternate pathway for isoleucine biosynthesis in Methanococ- 20 minus that, When deleted, may allow for feedback inhibition-
cus jannaschii and Geobacter sulfurreducens. resistance. This t.run.ce}tfzd version has be.en cloned to.produce

J ) a feedback inhibition-resistant cimA/leuA(cimA75%/

Included here are: leu APPR)

1. The heterologous expression and proof of functionality ’
of uncharacterized putative citramalate synthase genes Example 17
(annotated as isopropylmalate synthase (leuA) from »

Synechocystis and I maritima in S. cerevisiae; Isopropylmalate Isomerase and Isopropylmalate

2. The heterologous expression of isopropylmalate dehy- Dehydrogenase
drogenase (leuB) from M. jannaschii and evidence of
their functionality in S. cerevisiae; Yeast express endogenous isopropylmalate isomerase

3. The heterologous expression of isopropylmalate 30 (LEU1) and isopropylmalate dehydrogenase (LEU2) in the
isomerase (leuC and leuD) from M. janraschii and evi- cytoplasm. When cimA/leuA variants are introduced into an
dence of their functionality in S. cerevisiae; ILV1::KanMX (threonine deaminase knock-out; isoleucine

4. The heterologous expression of the characterized cimA auxotroph) yeast background, complementation is demon-
gene from G. sulfurreducens. The gene was codon-op- strated. This suggests that LEU1 and LEU?2 are sufficient for
timized and shown to be functional in S. cerevisiae; 33 the conversion of citramalate to 2-oxobutanoate. However,

5. The expression of the entire heterologous citramalate the relatively large accumulation of citramalate (up to 1.6
pathway in S. cerevisiae. No published data describes mM, see above) seems to indicate that the native yeast genes
the cloning and functionality of all four genes heterolo- are not very efficient in utilizing the novel citramalate and
gously expressed in a single host organism; and erythro-f-methyl-D-malate substrates.

6. Deletion of carboxy-terminus portions of the leuA pro- 40 Therefore, three other genes were cloned and either inte-
tein of 7. maritima to produce feedback-inhibition resis- grated into the yeast genome or introduced as a plasmid to
tant gene products. These D316 and [.381 truncations complete the heterologous citramalate pathway. leuC and
remove a possible allosteric domain inhibited by isoleu- leuD subunits form isopropylmalate isomerase, and leuB is
cine. isopropylmalate dehydrogenase.

Citramalate Synthase (cimA/leuA) ¥ Data (FIG. 54) shows that introduction of the complete

The cimA/leuA gene has been cloned from 3 sources (Syn- heterologous citramalate pathway does increase MBO pro-

echocystis, 1. maritima, and G. sulfurreducens) using either duction, in particular 2-MBO. Strains containing cimA/leuA
high and/or low copy yeast vectors and driven by the TEF1 or (strains E, F), 1leuCD and leuB (strain C), or cimA/leuA plus
GPD constitutive promoters. To date, all three have shown leuCD and leuB (strains A1,A2, B1, B2) produce MBO at 1:2
some level of conversion of pyruvate and Ac-CoA to citra- 30 6r1:3 3-MBO:2-MBO ratios without significantly increasing
malate. The Syrechocystis gene driven by the TEF1 promoter 3-MBO over the control. In the negative controls (strains D,
produced up to 25 uM citramalate, and the G. sulfurreducens (), the ratio is the inverse at 2:1 3-MBO:2-MBO ratio.
TABLE 10
MBO Production of CimA/leuA Overexpression Strains
Strain ID  Genotype Media 3-MBO M 2-MBO M
8081  p416GPD-leuA (Tm), SD-His-Ile-Leu-Ura 176.68 149
p413TEF1-leuD (Mj)
8081  p416GPD-leuA (Tm), SD-His-Ile-Leu-Ura 136.71 214
p413TEF1-leuD (Mj)
8080  p416GPD-cimA (Ge), SD-His-Ile-Leu-Ura 186.67 112
p413TEF1-leuD (Mj)
8080  p416GPD-cimA (Ge), SD-His-Ile-Leu-Ura 147.04 313
p413TEF1-leuD (Mj)
8081  p416GPD-leuA (Tm), SD-His-Ile-Leu-Ura 117.3 261

p413TEF1-leuD (Mj)



US 9,080,188 B2

93
TABLE 10-continued

94

MBO Production of CimA/leuA Overexpression Strains

Strain ID  Genotype Media 3-MBO M 2-MBO M
8081  p416GPD-leuA (Tm), SD-His-Ile-Leu-Ura 119.75 364
p413TEF1-leuD (M))
8080  p416GPD-leuA (Go), SD-His-Ile-Leu-Ura 131.26 232
p413TEF1-leuD (M))
8080  p416GPD-leuA (Go), SD-His-Ile-Leu-Ura 162.98 561
p413TEF1-leuD (M))
8121  p416GPD, p413TEF1-leuD SD-His-Ile-Leu-Ura 146.26 192
Mj)
8122  p416GPD, p413TEF1 SD-His-Ile-Leu-Ura 131.69 86
8055  p416GPD-leuA (Tm), SD-His-Ile-Leu-Ura 134.29 67
p415TEF1
8059  p416GPD-cimA (Gs), SD-His-Ile-Leu-Ura 128.21 107
p415TEF1
8055  p416GPD-leuA (Tm), SD-Leu-Ura 94.21 209
p415TEF1
8059  p416GPD-cimA (Gs), SD-Leu-Ura 113.7 228
p415TEF1
8123  p426TEF, p415TEF1 SD-Leu-Ura 111.5 73
media only SD-His-Ile-Leu-Ura 0 0
8081  p416GPD-cimA (Tm), SD-His-Ile-Leu-Ura 176.68 149
p413TEF1-leuD (M))
8081  p416GPD-cimA (Tm), SD-His-Ile-Leu-Ura 136.71 214
p413TEF1-leuD (M))
8080  p416GPD-cimA (Ge), SD-His-Ile-Leu-Ura 186.67 112
p413TEF1-leuD (M))
8080  p416GPD-cimA (Ge), SD-His-Ile-Leu-Ura 147.04 313
p413TEF1-leuD (M))
8081  p416GPD-cimA (Tm), SD-His-Ile-Leu-Ura 117.3 261
p413TEF1-leuD (M))
8081  p416GPD-cimA (Tm), SD-His-Ile-Leu-Ura 119.75 364
p413TEF1-leuD (M))
8080  p416GPD-cimA (Ge), SD-His-Ile-Leu-Ura 131.26 232
p413TEF1-leuD (M))
8080  p416GPD-cimA (Ge), SD-His-Ile-Leu-Ura 162.98 561
p413TEF1-leuD (M))
8121  p416GPD, p413TEF1-leuD SD-His-Ile-Leu-Ura 146.26 192
Mj)
8122  p416GPD, p413TEF1 SD-His-Ile-Leu-Ura 131.69 86
8055  p416GPD-cimA (Tm), SD-His-Ile-Leu-Ura 134.29 67
p415TEF1
8059  p416GPD-cimA (Gs), SD-His-Ile-Leu-Ura 128.21 107
p415TEF1
8055  p416GPD-cimA (Tm), SD-Leu-Ura 94.21 209
p415TEF1
8059  p416GPD-cimA (Gs), SD-Leu-Ura 113.7 228
p415TEF1
8123  p426TEF, p415TEF1 SD-Leu-Ura 111.5 73
media only SD-His-Ile-Leu-Ura 0 0

Data normalized to ODgop =4-.,.

There is an obvious increase in 2-MBO production when
strains are grown in media +Isoleucine compared to -Isoleu-
cine. This observation holds true for both strains containing
the complete heterologous pathway, as well as strains con-
taining only cimA/leuA. The addition of cimA/leuA alone
from either 7. maritima or G. sulfurreducens increases
2-MBO yield 2-fold, whereas introduction of the entire het-
erologous pathway increases 2-MBO up to 8-fold.

The native yeast genes BAT1 and BAT2 can work revers-
ibly to convert Ile to 2-keto-3-methyl-valerate and 2-MBO. If
this were the sole reason for the increase of 2-MBO in the +Ile
medium, we would observe a commensurate increase of
2-MBO across the board for strains A1, A2, B1, B2, C, D, E,
and F. However, there is an obvious increase in 2-MBO pro-
duction specifically in strains containing the complete citra-
malate pathway. This may be because when media is supple-
mented with Ile, the cells are under less physiological stress
and can divert more of the intermediate citramalate and
erythro-f-methyl-D-malate compounds to 2-MBO produc-
tion rather than to isoleucine biosynthesis.

55

Interestingly, the introduction of only leuB and leuCD (no
cimA/leuA) also increases 2-MBO production about 2-fold.
When only leuB and leuC are expressed, however, a func-
tional isopropylmalate isomerase cannot be formed and MBO
production is similar to that of the negative control. Although
no direct functional assays have been performed on the activ-
ity and expression of the leuB and leuCD genes, this change
in phenotype implies that these heterologous genes are func-
tional in yeast (FIG. 55).

Example 18
Other Alternative Pathways to 2-MBO

In addition to the incorporation of the citramalate pathway
(cimA) to 2-oxobutanoate synthesis, other alternative path-
ways for 2-MBO production were evaluated using a stoichio-
metric model of yeast metabolism that allows assessing the
effects of genetic manipulations on the maximum theoretical
yields of 2-MBO from glucose. The model accounts for the
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needs of the yeast cell to balance cofactors such as NAD and
NADH in the pathway from glucose to 2-MBO and for the
need to provide energy in the form of ATP for the biosynthetic
pathways. The model was used to compare various alternative
scenarios to wild type 2-MBO production, such as the effect
of moving the Isoleucine (Ile) pathway from mitochondrion
to the cytoplasm and the utilization of a NADPH dependent
glycerol-3-phosphate dehydrogenase (GAPD) instead of the
native NADH-dependent form of the enzyme. The effects of
these manipulations on the maximum theoretical yields were
assessed under both aerobic and anaerobic conditions in order
to span the range or realistic production environments.

The maximum theoretical 2-MBO yield from glucose for
wild type (wt) yeast using the mitochondrial Ile pathway was
calculated to be 0.70 mol mol-1 (0.34 g g-1) aerobically and
0.29 mol mol-1 (0.14 g g-1) anaerobically (FIG. 56). Adding
a cytoplasmic Ile pathway was predicted to increase the
2-MBO yield by 8.6% and 44% in aerobic and anaerobic
conditions respectively. Based on these results, a cytoplasmic
Ile pathway would be highly preferred especially in partially
aerated conditions. Adding the CimA pathway together with
the with the cytoplasmic Ile pathway would provide an addi-
tional 2.6% and 15.4% increase in 2-MBO vyield in aerobic
and anaerobic conditions respectively. The analysis showed
that combining the CimA pathway with the native threonine-
dependent 2-MBO pathway allows for more efficient balanc-
ing of NADH and thus increases 2-MBO yields at the expense
of ethanol fermentation. Expression of a NADPH dependent
GAPD enzyme in yeast was predicted to result in 2.6% (aero-
bic) and 9.6% (anaerobic) increase in 2-MBO yield. Combin-
ing the three novel pathways (cytoplasmic Ile, CimA, and
NADPH-dependent GAPD) increases the maximum theoreti-
cal yield of 2-MBO from glucose by 5.2% (aerobic) and
53.8% (anaerobic). The overall result of the three manipula-
tions is predicted to be to make 2-MBO production entirely
independent of the level of aeration and thus provide more
flexibility for production process design.

The effect of isoleucine on LeuA activity was also exam-
ined. Strains (see table below) were grown is selective media
to mid-log phase. Cells were harvested by centrifugation and
suspended in TES buffer (100 mM, pH 7.5) and disrupted by
bead beating. Cell debris was removed by centrifugation (25,
000xg, 30 min, 4° C.) to make cell extracts. Small molecules
were removed by diafiltration (3%, 90% volume, 5000 D
cut-oft filter). Protein concentration was determined by BCA,
and final suspensions were diluted to 1 mg/ml.

Strain Genotype

8055 AILV1, p416GPD leuA(Tm)), p415TEF
8076 AILV1, p416GPD leuA(Tm)1-381 p415TEF
8077 AILV1, p416GPD leuA(Tm)1-316 p415TEF
Control AILV1, p416TEF p415TEF

Assay mixture contained the following: sodium pyruvate,
10mM; acetyl-CoA, tri-lithium salt, 1.0 mM; TES buffer, 100
mM at pH 7.5; DTNB, 5 mM. Reactions were initiated with
the addition of dialyzed cell extract. Activity was measured
by the total increase in A412 after 30 minutes at 22° C., and
total absorbance was subtracted from a mixture with pyruvate
excluded. Sensitivity of citramalate synthase to isoleucine, a
putitive allosteric inhibitor, was tested by adding isoleucine to
10 mM (FIG. 57).
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Example 19

Synthesis of bis(2-methylbutyl)ether and Use as a
Fuel Additive

Oxygenated additives can be used to boost the performance
of fuels. Ethers have a much lower water absorbance than
alcohols and can used as a cetane enhancer. The most com-
mon way to synthesize ethers is through the intermolecular
condensation of alcohols using an acid catalyst. The alcohols
can be 2-methylbutanol, 3-methylbutanol, a mixture of both,
or a mixture of a methylbutanol and another alcohol. In the
case of 2-methylbutanol, the alcohol can be either the single
enantiomer or a racemic mixture. The list of catalysts
includes, but is not limited to, sulfuric acid, p-toluenesulfonic
acid, methanesulfonic acid, trifluoromethanesulfonic acid,
phosphoric acid, phosphomolybic acid, phosphotungstic
acid, oxalic acid, boric acid, and hydrofluoric acid. Hetero-
geneous catalysts such as Nafion, acidic ion exchange cata-
lysts and zeolites can also be used.

A preferred synthesis is:

CF;0805H
oH
NN 0

Molecular Weight: 88.15 Molecular Weight: 158.28

A 5000 m]1 3 neck round bottom flask, equipped with mag-
netic stirring, heating block, and a Dean Stark trap, was
charged with 2-methyl-1-butanol (2000.0 g, 22.7 mol) and
triflourmethanesulfonic acid (50 ml, 0.57 mol). The solution
was heated to reflux (internal temperature=135° C.) for 68
hours'. During this time approximately 230 ml of water had
collected in the Dean Stark trap. The reaction had turned a
dark yellow. The reaction was washed with water (200 ml)
followed by 1N NaOH (500 ml), and then with brine (200 ml).
Theliquid was dried over Na,SO, (150 g). The crude material
(1500 g) was purified by vacuum (30 to 40 mm Hg) distilla-
tion through a 150 mm Vigreux column to yield the product as
a clear liquid (1077 g, 60% yield; GC purity: 92 area %, 8%
other ethers).

! Extended reaction times lead to degradation of the product.

This reaction was also conducted on equimolar amounts of
2-methylbutanol and 3-methylbutanol. After distillation a
mixture of ethers was isolated in 43% yield. The ratio of
bis(3-methylbutyl)ether to bis(2-methylbutyl)ether to the
mixed ether was 50:5:45.

Example 20
Preparation of 2-methyl-1-(2-methylbutoxy)butane

This example demonstrates the conversion of 2-methylbu-
tyl ether to 2-methyl-1-(2-methylbutoxy)butane, otherwise
known as bis-(2-methylbutyl)ether from 2-methylbutanol.

A 1000 mL. 3-neck round bottom flask equipped with mag-
netic stirring, heating mantle, and a Dean-Stark trap was
charged with 2-methyl-1-butanol (400.0 g, 4.54 mol) and
trifluoromethanesulfonic acid (10 mL, 0.11 mol). The use of
triflic acid was found to provide superior results compared to
other catalysts. The solution was heated to reflux for 56 to 72
hours. During this time, approximately 43 ml of water had
collected in the Dean-Stark trap. The reaction turned either
pale yellow or black depending on the reaction time. The
reaction was washed with 1N NaOH (100 mL), then saturated
NaHCO; (50 mL) and finally with brine (25 mL). The liquid
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was dried over Na,SO,. The crude material was purified by
vacuum distillation (ca. 50 mmHg, b.p. 52 to 72° C.).

A reaction time of 56 hours gave a 70% yield of product. A
reaction time of 70 hours gave a 35% yield of product. The
purity of the product was analyzed by gas chromatography
(GC). In the procedure wherein the reaction time was 56
hours, the GC peak area of a sample of the reaction mixture
reflected the following amounts: 74% desired product, 18%
alcohol, and 8% other ethers. In the procedure wherein the
reaction time was 70 hours, the GC peak area of a sample of
the reaction mixture reflected the following amounts: 98%
desired product, 2% other ethers.

In addition, the bis-(2-methylbutyl)ether was tested as a
diesel fuel additive, and was found to have a calculated cetane
number between 126 and 160.

Example 21
Use of MBO in the Production of Biodiesels

Biodiesel, an alternative diesel fuel derived from vegetable
oil, animal fats, or waste vegetable oils, is obtained by the
transesterification of triglycerides with an alcohol in presence
ofa catalyst to give the corresponding alkyl esters. It provides
a market for excess production of vegetables oils and animal
fats; it decreases the country’s dependence on imported
petroleum; it is a renewable fuel and does not contribute to
global warming due to its closed carbon cycle; it has lower
exhaust emissions than regular diesel fuel; and can be used in
diesel engines without extensive engine modifications.

e}

Ru)l\o
catalyst
R O e} R+ 3ROH ———
Y \”/ reflux
e} e}

triglyceride alcohol

o) R’
Y
0 OH
R/O\H/R + HO\)\/OH
0

-
(6]

esters glycerin

Two major indicators of biodiesel fuel quality are: the
cloud point, the temperature at which waxy solids first appear
during the cooling of diesel fuel; and the cetane number (CN),
the measure of the readiness fuel to autoignite when injected
into the engine.

This example shows the synthesis of biodiesel 2-methyl-
butyl esters and biodiesel methyl esters, compares the cloud
points and cetane numbers, and demonstrates that methylbu-
tyl esters are a viable replacement for methyl esters.

Soybean o0il 2-methylbutyl esters and canola oil 2-methyl
butyl esters were synthesized by transesterifying the triglyc-
eride with 2-methylbutyl alcohol in presence of catalyst. The
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catalyst could be acidic or basic, aqueous or organic, free or
bounded on solid support; it includes but is not limited to:
potassium hydroxide, sodium hydroxide, sulfuric acid,
p-toluenesulfonic acid, potassium carbonate, sodium
hydride, DOWEX Marathon A OH form, magnesium oxide,
and calcium oxide.

e}

R" O 43 oH catalyst
" ' reflux
R0 O R 2-methylbutyl
fo) fo) alcohol

triglyceride
e} R

e}

e} R” N o

fo) HO OH
fo) R glycerin

e}
2-methyl-
butyl esters

Synthesis of 2-methylbutyl esters. A solution of canola oil
(530.00 g) in 2-methylbutanol (370.79 g, 4.206 mol) was
stirred at 50° C.; sulfuric acid (0.61 g, 0.006 mol, 0.01 equiv.)
was added. The reaction mixture continued stirring at reflux
(~125° C.) until diglycerides were not detected by GC-FID
(~70h). The reaction mixture was allowed to cool to ambient
temperatures and transferred to a separatory funnel where
glycerin was allowed to settle and then removed. The remain-
ing solution was washed with sat’d aq. NaHCO, (500 mL),
sat’d aq. NHCI; (2x500 mL), brine (500 mL.), and dried over
Na,SO, (100.00 g). The crude product was distilled under
vacuum to afford 2-methylbutyl esters as an off-white liquid.
Yield 573.76 g.

Soybean oil methyl esters and canola oil methyl esters were
synthesized by transesterifying the triglyceride with metha-
nol in presence of catalyst. The catalyst could be acidic or
basic, aqueous or organic, free or bounded on solid support; it
includes but is not limited to: potassium hydroxide and
sodium hydroxide.

e}
R”)J\O
catalyst
R O O R+ 3CH0H —»
\[( \”/ reflux
¢} ¢}
triglyceride methanol
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R
HiC
fo) OH
5
e} R" + HO OH
H;C
e}
o R 10
H;C
e}
methyl esters glycerin

15
Synthesis of methyl esters. Canola oil (400.20 g) was
stirred at 60° C.; potassium hydroxide (1.80 g, 0.028 mol)
dissolved in methanol (58.12 g, 1.814 mol) was added. The
reaction mixture continued stirring at reflux (~63° C.) until
triglycerides were not detected and diglycerides levels were
low by GC-FID (~5 h). The reaction mixture was allowed to
cool to ambient temperatures and transferred to a separatory
funnel where glycerin was allowed to settle and be removed.
The remaining solution was washed with sat’d aq. NHC13
(2x250 mL), brine (2x200 mL.), and dried over Na2SO4
(40.00 g). Crude yield 396.19 g. The crude product was
combined with a second lot of canola oil methyl esters and
distilled under vacuum to afford methyl esters as an off-white
liquid.
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Example 22

Differentiation of Biological MBO and Ethers
Thereof

A chirality test is used to determine the source of the MBO.
MBO produced biologically using the methods of the present
invention will be chiral, but chemically produced MBO will
be racemic. 2-MBO enantiomers were successtully separated
on the BGB-174 chiral column (FIGS. 58A and 58B). This
demonstrated that the samples are authentic and contain only
S-2-MBO. Three various derivatives were generated inde-
pendently for this test: the trimethyl-silyl, the trifluouroac-
etate, and the benzoate derivatives of 2-MBO.

The R- and S-2 MBO racemic mixture was separated using
GCMS under the following experimental conditions:

Column: BGB-174, 30 mx250 umx0.25 pm, BGB-Analy-

tik P/N 27430-025

Carrier gas: helium, 17 psi.

Oven: 60° C. for 5 min, then 0.5° C./min to 70° C. for 0.5
min.

Injector: split 1:40, temp 220° C., 1 uL injection volume.

Detector: MS, SIM ion of 57.1.

Samples prepared in CH,Cl, at approximately 1 mM.

S-2-MBO was extracted from the fermentation broth with
methylene chloride under conditions similar to those
presented above (FIG. 58C).

Biodiesel Fuel Properties for Methyl Esters and 2-Methylbutyl Esters

Test Method Methy Esters 2-Methylbutyl Esters
Triglyceride — Soybean oil Canola oil Soybean oil Canola oil
Cloud Point, ° C. ASTM D2500 -5 -6 -7 -11
Total Glycerin, ASTM D6584 0.169 0.172 0.139 0.142
% mass
Free Glycerin, % ASTM D6584 0.006 0.006 0.008 0.007
mass
Cetane Number, B20  ASTM D613 43.7 41.7 41.1 43.4
Cetane Number Extrapolated 51.7 41.7 38.7 50.2
Notebook Ref. — 1053-82-1 1053-83-1 1077-73E  1077-74F

The table above shows the fuel properties of soybean 2-me- 45
thylbutyl esters, canola 2-methylbutyl esters, soybean methyl
esters and canola methyl esters that. The cloud points and the
cetane numbers of 2-methylbutyl esters and the methyl ester

were comparable.

Example 23

Exemplary YAC Constructs

The following gene combinations were used to assemble
yeast artificial chromosomes encoding specific enzymes in
the pathways of interest for the production of 2-MBO. See
FIGS. 59-73 for schematic illustrations of the assemblies.

GENE YAC6* YAC8* YACIO* YAC7* YAC9* YACS* YAC5A* YACI4* YACI4A*
MDH2 X X

(Ps)

PYCI X X X X X X
(Ps)

AAT2 X X X X X X
(Ps)

HOM37BR X X X* X* X* X*
(Ps)

HOM2 X X X X X X
(Ps)

HOM6 X X X X X X
(Ps)

THR1 X X X X X X

(Ps)
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-continued
GENE YAC6* YAC8* YACI0* YAC7* YAC9* YACS* YACS5A* YACI4* YACI14A*
THR4 X X X X X X
(Ps)
ILV1 X*
(Ps)FER
ILV1 (Ps) X* X* X*
AlS5
IlvA (Ec) X
ILV2 (Ps) X X
ILV2 X X
(Ps) A26
ILV6 (Ps) X X X X
ilvG (Ec) X
ILVS5 (Ps) X X
ILVS5 (Ps) X X
A40
IlvC (Ec) X
ILV3 (Sc)
ILV3 (Ps) X X
ILV3 X X
(Ps) A34
IlvD (Ec) X
PDC 3-6 X X X
(Ps)
KdcA (LI) X X
ADH6 X X X X X
(8¢)
X* = X@®TEF & *CUP)
(Ps) = Pichia stipitis version
(Ec) = Escherichia coli version
(Sc) = Saccharomyces cerevisiae version
(L) = Lactococcus lactis version
Example 24 Example 25
Methods of Recovery of MBO and Other GC/MS Analysis of MBO-Related Compounds
Compounds Produced in Culture Media and Analysis 35 Extracted in CH,Cl,

by GC-FID

GC-FID was used to monitor a variety of produced com-
pounds including methanol, ethanol, n-propanol, n-butanol,
i-butanol, sum of isovaleric acid-2MeBu acid, 2-MBO,
3-MBO, and 2,3-butanediol.

Instrument and analysis conditions:

Agilent 7890A gas chromatography system.

Flow: 1.1 ml/min He (39.5 cm/sec 45° C.), constant flow

control.

Gradient Timetable: 45° C. for 3.2 min, then 25° C./min to
60° C., then 45° C./min to 200° C. Post run time is at
230° C. for 2.2 min.

Column: DB-624 (Agilent), 20 mx0.18 mmx1 pm.

Inlet: 230° C., split 40:1 (back) 100:1 (front).

Detector: FID at 230° C., H, 45 ml/min, air 450 ml/min,
Constant column+makeup gas 50 ml/min.

Needle rinse: 1—acetonitrile, 2—water.

Injection type: simultaneous injection into two identical
columns of two different samples or two identical stan-
dard working solutions.

Injection volume: 1 pl.

Quantification: Internal standard method (IS: 1-pentanol).
Calibration is set between 50 mM-25 uM for ethanol, 5
mM-25 uM for n-propanol, i-butanol, and n-butanol, 10
mM-50 pM for methanol, and 1 mM-5 uM for MBO and
MBO acid.

Representative chromatograms showing the separation of
compounds are provided in FIGS. 74 (a-¢). Other methods of
recovery include gas stripping, fractional distillation, chro-
matography, pervaporation, adsorption, and solid-liquid
extraction.
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MBO and derivatives found in spent media were extracted
in CH,Cl, and analyzed by GC/MS. The internal standard
method was applied for quantification (IS 1-pentanol). No pH
adjustment was needed. Sample preparation: add 900 pl
methylene chloride, 200 ul of 1-pentanol in Na,SO, aqueous
solution, and 500 pl sample or standard in a GC vial. Vortex
the vial, allow 5 min for the phases to separate, and analyze
the organic phase without removing the aqueous phase. The
LOQ is 3 uM (see representative chromatograms in FIG. 75
(a-c)).

Instrument and Analysis Conditions:

Agilent 7890A gas chromatography system connected to a
5975C inert MSD mass spectrometer. The method is
called “MBOQOorg3”.

Flow: 0.75 ml/min He, constant flow control.

Gradient Timetable: 70° C. for 1.0 min, then 10° C./min to
110° C. for 0.5 min, then 20° C./min to 140° C. for 0.5
min. Post run time is at 200° C. for 2.0 min.

Column: Rtx624 (Restek), 20 mx0.18 mmx1 um.

Inlet: 230° C., split 20:1.

Detector: MS with interface temperature set to 230° C. The
selective ion monitoring is set forions 55, 57, 58, and 70. The
scan analysis was also run simultaneously for the mass range
35-200 m.u.

Masses for SIM analysis (dwell time 3 msec).

2-Me-butyraldehyde 57.1
Isovaleraldehyde 58.1
2-Me-butanol 55.1
3-Me-butanol 57.1
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-continued Quantification: Internal standard method (IS: 1-pentanol).
Calibration is set between 10 mM-3 uM for the alcohols
2-Me-butyl acetate 70.1 and aldehydes, and 5 mM-1.5 uM for the esters.
Isopenty! acetate 70.1

Needle rinse: 1—methylene chloride:methanol 1:1, 5
2—methylene chloride
To avoid carry-over, the syringe is washed three times with

- . . Example 26
solvent 1, then solvent 2, and eight times with the P
sample.
Injection volume: 1 pl. MBO and Ether Fuel Properties
Alcohol Fuels
Property Ethanol Butanol 2-MBO 3-MBO Gasoline

Chemical Formula CHO CH;;,O CsHj,O0 CsH,0 C,Cyy
Properties Oxygen (% wt) 35 22 18 18 0
Physical Flash Point, min (° C.) 13 36 43 43 -43
Properties Boiling Point, max (° C.) 79 118 130 130 27-225

Freezing Point, max (° C.) -114 -90 -70 -117 -40

Fuel Solubility in Water (wt %)* 100 8 3 2 Immiscible

Water Solubility in Fuel (wt %)* 100 21 9 9 Immiscible
Fuel Properties -  Energy Content (BTU/gal) 84,519 107,196 113,627 112,240 109,000-119,000
Neat Fuel Pump Octane (R + M)/2? 130.9 105.7 102.0 101.0 80-85

Reid Vapor Pressure (psi) 2.3 0.7 23 2.3 7.8-15
Fuel Properties -  Energy Content (BTU/gal) 111,052 113,320 113,963 113,824 NA
10% Blend in Pump Octane (R + M)/2 85.9 83.3 83.0 82.0
Gasoline® Reid Vapor Pressure (psi) ~8.24 ~72 ~72 ~72

Vol % to 2.7 wt % 024 7.8 12.5 14.8 14.8

Comparison of petroleum gasoline with substitutable alcohol fuels

'Based on literature review

2Extrapolated from tests on blended fuels (i.e. these are blending octanes)

3The testing was performed with an RBOB tested at a Pump Octane of 80.85 and an RVP of 7.37

4Oxygen content requirement in US Reformulated Gasoline markets

4RVP was measured at 8.8 psi for 5% blend in RBOB; reported value for 10% blend is based on literature review
BValue was measured with 9.5% volumetric blend of butanol (or 2MBO) in RBOB

35

There are considerations in determining blend levels for
2-MBO and 3-MBO in gasoline. Clean air regulations in the
US have historically required the presence of oxygen in gaso-
line in amounts between 2% and 2.7% (in weight). Given that
18% of MBO in weight is oxygen (while conventional gaso-
line contains no oxygen) and making adjustment for the dif-
ferent density of MBO and gasoline, then in order to satisfy
the 2-2.7% range, you can add between 9.5-13% of MBO in
gasoline (the number for ethanol is only 5-7% because etha-
nol has higher oxygen weight %). Similar calculations can be
made for any similar restrictions in oxygen content.

40

Fuel Properties: MBO & Other Alcohol Fuels vs. Regular Gasoline

Measured Implied Measured Implied
RON!' MON?  Octane Octane  RVP? RVP

Fuel tested  Description Ne Ne Ne Ne psi psi  Considerations
RBOB Reference 78.9 82.8 80.9 — 7.4 —
for octane &
RVP testing
of alcohol
fuels
5% EtOH/  ~2% 81.5 85.2 83.4 130.9 8.8 35.6 RVP for EtOH
95% RBOB  oxygen blends is not
level linear
8% 1- ~2% 80.8 84.9 82.9 105.9 7.1 4.4
Butanol/ oxygen
92% RBOB  level
8% ~2% 82.0 86.0 84.0 120.2 7.1 4.5

isoButanol/  oxygen
92% level
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-continued

Fuel Properties: MBO & Other Alcohol Fuels vs. Regular Gasoline

Measured Implied Measured Implied
RON' MON?  Octane  Octane  RVP? RVP

Fuel tested  Description Ne Ne Ne Ne psi psi  Considerations
RBOB
11% ~2.7% 824 87.4 84.9 117.7 7.0 4.4
isoButanol/  oxygen
89% level
RBOB
9.5% ~2% 81.0 85.0 83.0 103.5 7.0 3.7
2MBO/ oxygen
90.5% level
RBOB
13% 2MBO/ ~2.7% 81.4 85.7 83.6 101.6 6.9 3.7
87% oxygen
RBOB level
Example 27 20
Ether Fuel Testing

Solubility Measured Implied
in Water ~ Cetane® Cetane® Pour Cloud CFPP' Flash Lubricity?
Fuel tested ppm Ne Ne °C. °C. °C. °F. cp

ULSD? Reference fuel for 45.7 — -18 -13 -16 176 340
testing

ULSD w/2% 3MBO-ether 46.3 75.7 -18 -13 -16 173

ULSD w/10% 3MBO-ether 48.3 71.7

ULSD w/2% 2MBO-ether 48.0 160.7

ULSD w/10% 2MBO-ether 53.8 126.7

ULSD w/10% 2MBO-ether 152

ULSD w/10% 3MBO-ether 162
2MBO-ether <500 118
Hexadecane Reference for 534
lubricity testing

Hexadecane w/2% 3MBO- <=24 <21 <=50 610
ether

ICold Filter Plugging Point

2Ultra Low Sulfur Diesel

3ASTM Requirements for Cetane: >40

YASTM Requirements for Flash Point: >100° F.

REFERENCES from Lactococcus lactis (KdcA), a Valuable Thiamine
= Diphosphate-Dependent Enzyme for Asymmetric C—C
Ri?der,.S. E.,and Emr(,1 S. C~f(2000)~ %Vervgew of subcellular Bond Formation Adv. Synth. Catal. 349: 1425-1435.
ractionation procedures for yeast Saccharomyces cerevi-
siae. Current II)’rotocols in Ce%]l Biology: 3.7.1-)}3.7.25. Berthold.C. L., Gocke D., Wood M. D, Leeper F. J., Pghl M.,
Rieder, S. E., and Emr, S. C. (2000). Isolation of subcellular Schneider G. (2007). Structure of the branched-chain keto
fractions from yeast Saccharomyces cevevisiae. Current 50  acid decarboxylase (KdcA) from Lactococcus lactis pro-
Protocols in Cell Biology: 3.8.1-3.8.68. vides insights into the structural basis for the chemoselec-
Gocke D, Nguyen C L, Pohl M, Stillger T., Walter L, Iler M. tive and enantioselective carboligation reaction. Acta Crys-
M. (2007). Branched-Chain Keto Acid Decarboxylase tallographica Section D. 63: 1217-1224.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 122

<210> SEQ ID NO 1

<211> LENGTH: 377

<212> TYPE: PRT

<213> ORGANISM: Picihia stipitis

<400> SEQUENCE: 1

Met Pro His Ser Val Thr Pro Ser Ile Glu Gln Asp Ser Leu Lys Ile
1 5 10 15
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Ala

Leu

Thr

Gly

65

Ser

Ile

Asp

Ser

Ser

145

Lys

Gly

Ile

Ser
225
Leu

Asn

Cys

Ala

305

Phe

Tyr

Pro

Phe

Ile

Lys

His

50

Val

His

Val

Asp

Ile

130

Asn

Asn

Val

Asn

Pro

210

Gln

Ile

Gly

Val

Gly

290

Pro

Ala

Asp

Ile

Val
370

Leu

Ala

35

Ile

Thr

Ser

Val

Leu

115

Ala

Pro

His

Thr

Ile

195

Val

Ser

His

Lys

Val

275

Thr

Gly

Ile

Ile

Cys

355

Ala

Gly

Gln

His

Ala

Pro

Ile

100

Phe

Glu

Val

Pro

Lys

180

Glu

Ile

Asn

Arg

Gly

260

Gln

Tyr

Ala

Pro

Val

340

Val

Ser

Ala

Leu

Leu

Asp

Ala

85

Pro

Asn

Cys

Asn

Gln

165

Leu

Ser

Gly

Phe

Val

245

Ser

Phe

Tyr

Asp

Leu

325

Asn

Ser

Arg

<210> SEQ ID NO 2

<211> LENGTH:

<212> TYPE:

<213> ORGANISM: Saccharomyces cerevisiae

PRT

<400> SEQUENCE:

346

2

Ala

Gln

Ala

Leu

70

Gly

Ala

Val

Cys

Ser

150

Ser

Asp

Gly

Gly

Leu

230

Gln

Ala

Val

Val

Gln

310

Thr

Arg

Gln

Ser

Gly

Tyr

Leu

55

Ser

Gly

Gly

Asn

Asp

135

Leu

Arg

Ile

Leu

His

215

Ser

Tyr

Thr

Ser

Pro

295

Leu

Ile

Met

Leu

Ala
375

Gly

Gln

40

Tyr

His

Ile

Val

Ala

120

Leu

Val

Asn

Val

Thr

200

Ser

Arg

Gly

Leu

Leu

280

Leu

Leu

Thr

Asn

Lys

360

Ser

Ile

Leu

Asp

Ile

Glu

Pro

105

Gly

Ser

Pro

Ser

Arg

185

Pro

Gly

Leu

Gly

Ser

265

Leu

Lys

Pro

Thr

Asp

345

Lys

Ser

Gly

Lys

Val

Asp

Asn

90

Arg

Ile

Lys

Val

Gly

170

Ala

Arg

Glu

Asn

Asp

250

Met

Leu

Asp

Leu

Lys

330

Met

Asn

Gln

Glu

Asn

Thr

75

Cys

Lys

Ile

Val

Met

155

Ile

Ser

Val

Thr

Glu

235

Glu

Ala

Gly

Ala

Val

315

Gly

Glu

Ile

Ser

Ser

Gln

60

Pro

Leu

Pro

Ser

Phe

140

Val

Glu

Thr

Asn

Ile

220

Asp

Val

His

Asn

Asn

300

Asp

Val

Arg

Asp

Leu

Asn

45

Glu

Ile

His

Gly

Gln

125

Val

Ser

Arg

Phe

Ser

205

Ile

Gln

Val

Ala

Ile

285

Asn

Gly

Ser

Asn

Lys
365

Ser

30

Arg

Ala

Ser

Asn

Met

110

Leu

Leu

Asn

Arg

Leu

190

Met

Pro

Leu

Lys

Gly

270

Glu

Phe

Ala

Tyr

Gln

350

Gly

Leu

Ser

Ile

Val

Ala

Thr

Gly

Val

Ile

Ile

175

Arg

Pro

Leu

Lys

Ala

255

Tyr

Gln

Pro

Asp

Val

335

Met

Leu

Leu

Val

Asn

Ser

80

Ser

Arg

Asp

Ile

Leu

160

Met

Glu

Asp

Phe

Tyr

240

Lys

Lys

Ile

Ile

Tyr

320

Asp

Leu

Glu

Met Val Lys Val Thr Val Cys Gly Ala Ala Gly Gly Ile Gly Gln Pro
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-continued

110

Leu Ser Leu Leu Leu Lys
20

Phe Asp Ile Val Asn Ala
35

Asn Thr Pro Ala Val Val
50

Lys Thr Ala Ile Val Asp
65 70

Pro Ala Gly Val Pro Arg
85

Asn Ile Asn Ala Ser Ile
100

Thr Ala Pro Asn Ala Ala
115

Thr Val Pro Ile Ala Ala
130

Pro Gly Lys Leu Phe Gly
145 150

Thr Phe Leu Gly Glu Leu
165

Arg Ile Ser Val Val Gly
180

Ile Asn Val Thr Pro Asp
195

Ala Asp Tyr Asp Lys Phe
210

Val Val Lys Ala Lys Asn
225 230

Tyr Ala Gly Tyr Arg Phe
245

Ala Ser Thr Ser Ser Ser
260

Pro Gly Val Pro Gly Gly
275

Val Asp Phe Phe Ser Val
290

Ser Phe Ile Asn Pro Phe
305 310

Glu Leu Val Lys Val Ala
325

Gly Thr Asn Phe Val Lys
340

<210> SEQ ID NO 3

<211> LENGTH: 1179
<212> TYPE: PRT

<213> ORGANISM: Picihia

<400> SEQUENCE: 3

Met Ser Ser Leu Ser Pro
1 5

Arg Arg Asp Ser Thr Val
20

Leu

Lys

Thr

55

Ala

Lys

Ile

Ile

Glu

135

Val

Ile

Gly

Val

Val

215

Gly

Ala

Gly

Lys

Pro

295

Glu

Leu

Gly

stipitis

Asn

Gly

40

Gly

Leu

Pro

Arg

Leu

120

Val

Thr

Asn

His

Ser

200

Asn

Ala

Ala

Val

Glu

280

Ile

His

Gly

Ser

10

Pro Ala
25

Val Ala

His Gln

Lys Gly

Gly Met

90

Asp Leu
105

Ile Ile

Leu Lys

Thr Leu

Val Asn
170

Ser Gly
185

Ala Lys

Arg Val

Gly Ser

Gly Val
250

Pro Asp
265

Phe Ser

Val Leu

Met Lys

Gly Leu

330

Lys Leu
345

Val

Ala

Pro

Thr

75

Thr

Val

Ser

Lys

Asp

155

Pro

Asp

Val

Gln

Ala

235

Leu

Ser

Ala

Glu

Ile

315

Glu

Ser Glu
Asp Leu
45

Ala Asn
60

Asp Leu

Arg Ala

Ala Asn

Asn Pro

125

Leu Gly
140

Ser Val

Ser Gln

Thr Ile

Ala Asn
205

Phe Gly
220

Thr Leu

Asn Ser

Ser Tyr

Lys Tyr

285

Asn Gly
300

Thr Gln

Lys Ser

Leu

30

Ser

Lys

Val

Asp

Ile

110

Val

Val

Arg

Leu

Val

190

Ile

Gly

Ser

Leu

Val

270

Leu

Val

Lys

Ile

15

Ala

His

Glu

Val

Leu

95

Gly

Asn

Phe

Ala

Gln

175

Pro

Ser

Asp

Met

Gly

255

Tyr

Asn

Ile

Glu

Glu
335

Leu

Ile

Asp

Ile

Phe

Arg

Ala

Asn

Glu

160

Gly

Leu

Lys

Glu

Ala

240

Gly

Leu

Gly

Lys

Gln

320

Gln

His Asp His His Gly Lys Ile Asn Gln Met

10

15

Leu Gly Pro Met Asn Lys Ile Leu Val Ala

25

30
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-continued

112

Asn

Ser

His

65

Phe

Ala

Ser

Trp

Ser

145

Thr

Lys

Arg

Lys

Phe

225

Leu

Ser

Asn

Leu

305

Gln

Ala

Leu

Ile

Ile

385

Gly

Leu

Lys

Asn

Arg

Met

50

Arg

Ser

Lys

Glu

Ile

130

Ala

Pro

Tyr

Gly

Arg

210

Ile

Ala

Val

Leu

Ala

290

Asp

Val

Ala

Leu

Thr

370

Glu

Asn

Val

Met

Ile

Gly

Gln

Leu

Pro

Thr

Asn

115

Gly

Arg

Gly

Gly

Met

195

Ala

Glu

Asp

Gln

Pro

275

Lys

Glu

Glu

Gln

Gln

355

Thr

Val

Gly

Lys

Leu
435

Pro

Glu

Thr

Lys

Val

His

100

Ser

Pro

Asn

Pro

Tyr

180

Arg

Thr

Arg

Gly

Arg

260

Lys

Ser

Gln

His

Ile

340

Asp

Glu

Tyr

Phe

Cys
420

Arg

Phe

Ile

Val

Ala

Gly

85

Asn

Glu

Thr

Leu

Ile

165

Pro

Val

Ser

Phe

Tyr

245

Arg

Ala

Ala

Asn

Thr

325

Gln

Lys

Asp

Arg

Ala
405
Ser

Ala

Leu

Pro

Ala

Asp

70

Ala

Val

Phe

His

Ala

150

Asp

Val

Val

Glu

Leu

230

Gly

His

Val

Asn

Arg

310

Ile

Ile

Ile

Pro

Ser

390

Gly

Thr

Leu

Leu

Ile

Ile

55

Glu

Tyr

Asn

Ala

Glu

135

Leu

Ser

Ile

Arg

Ala

215

Asp

Asn

Gln

Arg

Tyr

295

His

Thr

Ala

Thr

Ser

375

Ser

Ser

Ser

Ile

Ala

Arg

Tyr

Ser

Leu

Met

Arg

120

Thr

Ala

Val

Ile

Glu

200

Lys

Lys

Val

Lys

Asp

280

Arg

Tyr

Glu

Ala

Thr

360

Lys

Gly

Ile

Gly

Glu
440

Leu

Ile

Ser

Tyr

Gln

Ile

105

Lys

Ile

Asn

Glu

Lys

185

Gly

Thr

Pro

Ile

Val

265

Ala

Asn

Phe

Glu

Gly

345

Arg

Asn

Gly

Ile

Ser
425

Phe

Leu

Phe

His

Val

Ile

90

His

Val

Asp

Asp

Glu

170

Ala

Asp

Ala

Lys

His

250

Val

Ile

Ala

Ile

Ile

330

Ala

Gly

Phe

Asn

Ser
410
Thr

Arg

Thr

Arg

Glu

Ile

75

Asp

Pro

Glu

Ala

Val

155

Ala

Ala

Asp

Phe

His

235

Leu

Glu

Leu

Gly

Glu

315

Thr

Ser

Phe

Gln

Gly

395

Pro

Tyr

Ile

Asn

Thr

Asp

60

Gly

Glu

Gly

Glu

Val

140

Pro

Glu

Phe

Ile

Gly

220

Ile

Phe

Ile

Thr

Thr

300

Ile

Gly

Leu

Ala

Pro

380

Val

His

Glu

Arg

Glu

Ala

45

Arg

Lys

Ile

Tyr

Ala

125

Gly

Val

Ala

Gly

Gly

205

Asn

Glu

Glu

Ala

Asp

285

Ala

Asn

Val

Gln

Ile

365

Asp

Arg

Tyr

Ile

Gly
445

Thr

His

Leu

Lys

Ile

Gly

110

Gly

Asp

Val

Phe

Gly

190

Asp

Gly

Val

Arg

Pro

270

Ala

Glu

Pro

Asp

Gln

350

Gln

Thr

Leu

Asp

Ala
430

Val

Phe

Glu

Ser

Gly

Lys

95

Phe

Ile

Lys

Pro

Val

175

Gly

Ala

Thr

Gln

Asp

255

Ala

Val

Phe

Arg

Ile

335

Leu

Cys

Gly

Asp

Ser
415
Arg

Lys

Ile

Leu

Met

Glu

80

Ile

Leu

Ala

Val

Gly

160

Glu

Gly

Phe

Cys

Leu

240

Cys

Lys

Lys

Leu

Ile

320

Val

Gly

Arg

Lys

Gly

400

Met

Arg

Thr

Ser
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-continued

114

Gly

465

Met

Asp

Lys

Gly

Gln

545

Asn

Gln

Ala

Trp

Pro

625

Phe

Pro

Lys
Thr
705

Leu

Ala

Ile

Thr

785

Ser

Ser

Glu

Glu

Pro
865

450

Ser

Ile

Leu

Leu

Ile

530

Val

Phe

Ser

Pro

Gly

610

Trp

Gln

Asp

Asp

Val

690

Val

Ala

Phe

Thr

His

770

Ala

Met

Phe

Ile

Ala
850

Gly

Cys

Ser

Ile

Asn

515

Pro

Leu

Asn

Leu

Thr

595

Gly

Ala

Met

Asn

Ile

675

Gly

Cys

Tyr

Leu

Asp

755

Val

Ala

Ser

Glu

Asp
835

Asp

Gly

Trp

Ser

Val

500

Glu

Ile

Leu

Gly

Leu

580

Thr

Ala

Arg

Leu

Ala

660

Phe

Ile

Tyr

Tyr

Gly

740

Leu

His

Ala

Gly

Gly

820

His

Leu

Gln

Thr

Gln

485

Asn

Glu

Asp

Glu

Thr

565

Ala

Ala

Thr

Leu

Leu

645

Ile

Arg

Asp

Ser

Val

725

Ile

Val

Thr

Lys

Met

805

Glu

Tyr

Lys

Leu

Thr

470

Asn

Gly

Ala

Val

Glu

550

Leu

Thr

His

Phe

Arg

630

Arg

Asp

Val

Ala

Gly

710

Asp

Lys

Ser

His

Ala

790

Thr

Val

Trp

Gly

Thr
870

455

Phe

Arg

Ser

Glu

Glu

535

Gly

Ile

Arg

Ala

Asp

615

Lys

Gly

Gln

Phe

Val

695

Asp

Val

Asp

Ala

Asp

775

Gly

Ser

Glu

Ala

Pro
855

Asn

Ile

Ala

Ser

Ile

520

Leu

Pro

Thr

Leu

Leu

600

Val

Leu

Ala

Phe

Asp

680

Lys

Met

Val

Met

Ile

760

Ser

Ala

Gln

Thr

Gln
840

Asp

Leu

Asp

Asn

Ile

505

Pro

Asn

Asp

Asp

Arg

585

Asn

Cys

Arg

Asn

Val

665

Ala

Lys

Leu

Asp

Ala

745

Arg

Ala

Asp

Pro

Gly
825
Met

Pro

Leu

Asp

Lys

490

Lys

Thr

Pro

Ala

Thr

570

Thr

Gly

Met

Lys

Gly

650

Lys

Leu

Ala

Gln

Lys

730

Gly

Ala

Gly

Val

Ser

810

Leu

Arg

Glu

Phe

Thr

475

Ile

Gly

Ile

Ala

Phe

555

Thr

Ile

Ala

Arg

Leu

635

Val

Gln

Asn

Gly

Lys

715

Ile

Thr

Lys

Thr

Val

795

Ile

Ser

Leu

Val

Gln
875

460

Pro

Leu

Gln

His

Pro

540

Ala

Trp

Asp

Phe

Phe

620

Val

Ala

Ala

Asp

Gly

700

Gly

Val

Leu

Tyr

Gly

780

Asp

Ser

Glu

Leu

Tyr
860

Ala

Ser

Ser

Val

Asp

525

Arg

Lys

Arg

Leu

Ser

605

Leu

Pro

Tyr

Lys

Leu

685

Val

Lys

Ala

Lys

Pro

765

Val

Ala

Ala

Arg

Tyr

845

Glu

Gln

Leu

Tyr

Gly

510

Pro

Gly

Lys

Asp

Leu

590

Leu

Tyr

Asn

Ser

Asp

670

Asp

Val

Lys

Met

Pro

750

Asp

Ala

Ala

Ile

Leu
830
Ser

His

Gln

Phe

Leu

495

Leu

Lys

Trp

Val

Ala

575

Asn

Glu

Glu

Ile

Ser

655

Asn

Gln

Glu

Tyr

Gly

735

Lys

Leu

Ser

Ser

Leu

815

Val

Cys

Glu

Leu

Gln

480

Ala

Pro

Thr

Arg

Arg

560

His

Ile

Cys

Asp

Pro

640

Leu

Gly

Leu

Ala

Asn

720

Thr

Ala

Pro

Met

Asn

800

Ala

Arg

Phe

Ile

Gly
880
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-continued

116

Leu Gly Ala

Arg Val Leu

Gly Asp Leu
915
930

Phe Met Glu
945

Leu Arg Thr

Pro Gly Leu

Leu Val Ser

995

Tyr Thr Met
1010

Lys Tyr Gly
1025

Ile Asn Val

Leu Ile Val

Lys

Gly

900

Ala

Leu

Gly

Asn

Ser

980

Lys

Tyr

Asp

Gly

Lys
1060

Trp Leu
885

Asp Val

Gln Phe

Ala Gly

Leu Met

950
Met Leu
965
Leu Ala

Tyr Gly

Pro Lys

Gln

Val

Met

Glu

935

Gly

Gly

Pro

Asn

Val
1015

Thr Lys
Lys Val
905

Val Ser
920

Leu Asp

Thr Pro

Asn Lys

Val Asp
985

Ser Ile
1000

Tyr Glu

Leu Ser Val Leu Pro
1030

Glu Glu
1045

Leu Leu

Thr Arg Glu Val Phe Phe

1075

Val Asp Asp
1090

Thr Gln Pro
1105

Ile Arg Thr

Val Leu Ser

Lys

Thr Val

Leu

Ala

Ser Val

Val Gly Glu Ile Ser Gln

1065

Glu

890

Thr

Asn

Phe

Tyr

Arg

970

Phe

Lys

Ser

Thr

Thr Tyr

Pro Thr

Asn Leu

Pro Asp

940
Gly Gly

955

Gln Lys

Ser Ala

Glu Val

Tyr Arg

Lys Ile
Ser Lys
910

Thr Glu
925

Ser Val

Phe Pro

Leu Asn

Leu Lys
990

Asp Leu
1005

Lys Ile

1020

Arg Tyr
1035

Phe Leu

Glu Ile Glu Gln Gly

1050

Glu Leu Asn Gly Glu Met Arg Ser

1080

1085

Ser Val Glu Thr Ile Thr Arg Arg

1095

1100

Asn Glu Val Gly Ala Pro Met Ala Gly Val Val
1110

1115

Gln Ser Gly Thr Asp Val Lys Lys Gly Asp Pro

1125

1130

Ala Met Lys Met Glu Met Val Ile Ser

1140

1145

Gly Val Val Gly Glu Ile Leu Ile Lys Glu Gly Glu

1155

1160

Ser Asp Leu Ile Thr Ser Ile Leu Lys His Asn

1170

<210> SEQ ID NO 4
<211> LENGTH: 11

<212> TYPE:

PRT

78

1175

<213> ORGANISM: Saccharomyces cerevisiae

<400> SEQUENCE:

4

Met Ser Gln Arg Lys Phe

1
Gly Glu Lys
Arg Ile Phe
35

Tyr Ser His
50

Ala Tyr Val

Asn

20

Arg

Glu

Ile

5

Lys Ile

Thr Ala

Asp Arg

Gly Glu

Ala

Leu

His

Leu

55

Val

Gly Leu

Val Ala
25

Glu Leu
40

Ser Thr

Gly Gln

Arg

10

Asn

Ser

His

Tyr

Asp Asn

Arg Gly

Met Gln

Lys Gln

60

Thr Pro

Ala

895

Val

Glu

Leu

Glu

Glu

975

Gln

Ala

Val

Lys

Lys

1055

Val

Lys

Ile

Ile

1135

Asn

Val

Asp

Asp

Pro

960

Arg

Glu

Ser

Glu

Gly

1040

Thr

Gln Lys Gly
1070

Thr

Ala

Glu

1120

Ala

Ala Pro Val Ser

1150

Ser Val Asp Ala

1165

Phe Asn
Glu Ile
30

Thr Val
45

Lys Ala

Val Gly

Leu

15

Pro

Ala

Asp

Ala

Leu

Ile

Ile

Glu

Tyr
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US 9,080,188 B2

-continued

118

65

Leu

Phe

Asp

Lys

145

Ile

Glu

Arg

Lys

225

Lys

Asp

Arg

Tyr

305

Glu

Ala

Thr

Lys

Gly

385

Ile

Gly

Glu

Leu

Ile
465

Ala

Ala

Ile

Lys

Ile

130

Ala

Glu

Lys

Gly

Thr

210

Pro

Val

Val

Ala

Asn

290

Phe

Glu

Gly

Arg

Asn

370

Gly

Ile

Ser

Phe

Leu
450

Asp

Gln

Ile

His

Val

115

Asp

Asn

Glu

Ala

Asp

195

Ala

Lys

His

Val

Ile

275

Ala

Ile

Ile

Ala

Gly

355

Phe

Asn

Ser

Thr

Arg
435
Thr

Asp

Lys

Asp

Pro

100

Val

Ser

Val

Ala

Ala

180

Asp

Phe

His

Leu

Glu

260

Leu

Gly

Glu

Thr

Ser

340

Phe

Gln

Gly

Pro

Tyr

420

Ile

Asn

Thr

Leu

Glu

85

Gly

Lys

Val

Pro

Leu

165

Phe

Val

Gly

Ile

Phe

245

Val

Thr

Thr

Ile

Gly

325

Leu

Ala

Pro

Val

His

405

Glu

Arg

Pro

Pro

Leu
485

70

Ile

Tyr

Ala

Gly

Thr

150

Asp

Gly

Ala

Asn

Glu

230

Glu

Ala

Asp

Ala

Asn

310

Ile

Pro

Ile

Asp

Arg

390

Tyr

Ile

Gly

Val

Gln
470

His

Ile

Gly

Gly

Asp

135

Val

Phe

Gly

Asp

Gly

215

Val

Arg

Pro

Ala

Glu

295

Pro

Asp

Gln

Gln

Thr

375

Leu

Asp

Val

Val

Phe
455

Leu

Tyr

Ser

Phe

Ile

120

Lys

Pro

Val

Gly

Ala

200

Thr

Gln

Asp

Ala

Val

280

Phe

Arg

Ile

Leu

Cys

360

Gly

Asp

Ser

Arg

Lys

440

Ile

Phe

Leu

Ile

Leu

105

Thr

Val

Gly

Asn

Gly

185

Phe

Cys

Leu

Cys

Lys

265

Lys

Leu

Ile

Val

Gly

345

Arg

Arg

Gly

Met

Arg

425

Thr

Glu

Gln

Ala

Ala

90

Ser

Trp

Ser

Thr

Glu

170

Arg

Gln

Phe

Leu

Ser

250

Thr

Leu

Val

Gln

Ala

330

Leu

Ile

Ile

Gly

Leu

410

Lys

Asn

Gly

Met

Asp
490

75

Gln

Glu

Ile

Ala

Pro

155

Tyr

Gly

Arg

Val

Ala

235

Val

Leu

Ala

Asp

Val

315

Ala

Phe

Thr

Glu

Asn

395

Val

Met

Ile

Thr

Val
475

Val

Lys

Asn

Gly

Arg

140

Gly

Gly

Met

Ala

Glu

220

Asp

Gln

Pro

Lys

Asn

300

Glu

Gln

Gln

Thr

Val

380

Ala

Lys

Ile

Pro

Tyr
460

Ser

Ala

His

Ser

Pro

125

Asn

Pro

Tyr

Arg

Thr

205

Arg

Asn

Arg

Arg

Glu

285

Gln

His

Ile

Asp

Glu

365

Tyr

Tyr

Cys

Arg

Phe

445

Trp

Ser

Val

Gln

Glu

110

Pro

Leu

Ile

Pro

Val

190

Ser

Phe

His

Arg

Glu

270

Cys

Asn

Thr

Gln

Lys

350

Asp

Arg

Ala

Ser

Ala

430

Leu

Thr

Gln

Asn

Val

95

Phe

Ala

Ala

Glu

Val

175

Val

Glu

Leu

Gly

His

255

Val

Gly

Arg

Ile

Ile

335

Ile

Pro

Ser

Gly

Cys

415

Leu

Leu

Thr

Asn

Gly
495

80

Asp

Ala

Glu

Ala

Thr

160

Ile

Arg

Ala

Asp

Asn

240

Gln

Arg

Tyr

His

Thr

320

Ala

Thr

Ala

Ala

Thr

400

Ser

Ile

Thr

Phe

Arg
480

Ser
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US 9,080,188 B2

-continued

120

Ser

Ser

Ala

545

Asp

Arg

Ala

Ala

Arg

625

Asn

Ala

Lys

Leu

705

Glu

Ala

Arg

Ala

Asp

785

Pro

Gly

Met

Pro

Leu
865

Lys

Ile

Pro

Ala

530

Glu

Thr

Thr

Gly

Met

610

Ser

Gly

Lys

Leu

Ala

690

Gln

Lys

Gly

Ala

Gly

770

Val

Ser

Ile

Arg

Glu
850
Phe

Arg

Thr

Lys

His

515

Pro

Phe

Thr

His

Arg

595

Arg

Leu

Val

Gln

Asn

675

Gly

Pro

Ile

Thr

Lys

755

Thr

Val

Ile

Asn

Leu

835

Val

Gln

Ala

Pro

Gly

500

Leu

Pro

Ala

Trp

Asp

580

Phe

Phe

Val

Ala

Ala

660

Asp

Gly

Gly

Val

Met

740

Tyr

Ala

Asp

Asn

Val

820

Leu

Tyr

Ala

Tyr

Thr
900

Gln

His

Ser

Arg

Arg

565

Leu

Ala

Leu

Pro

Tyr

645

Lys

Leu

Val

Lys

Gln

725

Lys

Pro

Val

Val

Ala

805

Glu

Tyr

Gln

Gln

Arg
885

Ser

Ile

Asp

Gly

Gln

550

Asp

Ala

Leu

His

Asn

630

Ser

Glu

Val

Lys

710

Met

Pro

Asp

Ala

Ala

790

Leu

His

Ser

His

Gln
870

Glu

Lys

Gly

Ala

Trp

535

Val

Ala

Thr

Glu

Glu

615

Ile

Ser

Asn

Gln

Glu

695

Tyr

Gly

Ala

Leu

Ser

775

Ile

Leu

Val

Cys

Glu
855
Leu

Ala

Val

Leu

Gln

520

Arg

Arg

His

Ile

Cys

600

Asp

Pro

Leu

Gly

Leu

680

Ala

Asn

Thr

Ala

Pro

760

Met

Asn

Ala

Arg

Phe

840

Ile

Gly

Asn

Val

Pro

505

Gly

Gln

Gln

Gln

Ala

585

Trp

Pro

Phe

Pro

Val

665

Lys

Thr

Leu

His

Ala

745

Ile

Thr

Ser

Ser

Glu

825

Glu

Pro

Leu

Tyr

Gly
905

Lys

Asn

Val

Phe

Ser

570

Pro

Gly

Trp

Gln

Asp

650

Asp

Val

Val

Asp

Ile

730

Lys

His

Ala

Met

Leu

810

Leu

Ala

Gly

Gly

Leu

890

Asp

Leu

Val

Leu

Asn

555

Leu

Thr

Gly

Glu

Met

635

Asn

Ile

Gly

Cys

Tyr

715

Leu

Leu

Val

Cys

Ser

795

Glu

Asp

Asp

Gly

Glu
875

Leu

Leu

Lys

Ile

Leu

540

Gly

Leu

Thr

Ala

Arg

620

Leu

Ala

Phe

Val

Phe

700

Tyr

Gly

Leu

His

Ala

780

Gly

Gly

Ala

Leu

Gln
860
Gln

Gly

Ala

Ser

Asn

525

Glu

Thr

Ala

Ala

Thr

605

Leu

Leu

Ile

Arg

Asp

685

Ser

Leu

Ile

Ile

Thr

765

Leu

Leu

Asn

Tyr

Lys

845

Leu

Trp

Asp

Gln

Asn

510

Val

Lys

Leu

Thr

His

590

Phe

Arg

Arg

Asp

Val

670

Ala

Gly

Glu

Lys

Gly

750

His

Ala

Thr

Ile

Trp

830

Gly

Thr

Ala

Ile

Phe
910

Pro

Thr

Gly

Leu

Arg

575

Ala

Asp

Lys

Gly

His

655

Phe

Val

Asp

Ile

Asp

735

Ser

Asp

Gly

Ser

Asp

815

Ala

Pro

Asn

Glu

Val

895

Met

Ser

Lys

Pro

Met

560

Val

Leu

Val

Leu

Ala

640

Phe

Asp

Lys

Met

Ala

720

Met

Leu

Ser

Ala

Gln

800

Thr

Glu

Asp

Leu

Thr
880

Lys

Val
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-continued

122

Ser

Asp

Pro

945

Lys

Asp

Asp

Asp

Asn

Phe

930

Tyr

Arg

Leu

Glu

Phe
1010

Lys

915

Pro

Gly

Arg

Glu

Cys

995

Gln

Thr Arg Ser

1025

Val Ile Glu

Asp Leu Asn

Leu

Asp

Gly

Lys

Lys

980

Asp

Lys

Phe

Gln

Lys
1060

Thr Ser

Ser Val

Phe Pro

950
Leu Thr
965
Ile Arg

Val Ala

Met Arg

Asp

Met

935

Glu

Cys

Glu

Ser

Glu
1015

Asp Val
920

Asp Phe

Pro Phe

Arg Pro

Asp Leu
985

Tyr Asn
1000

Thr Tyr

Leu Ser Pro Leu Glu
1030

Gly Lys
1045

Lys Thr

Gly Glu Met Arg Lys Ile

1075

Thr Val Thr Lys Ser Lys

Ala Pro Met Ala Gly Val Ile Val Glu Val Lys Val His
1105

Leu

Glu

Val

Glu

1090

Thr

Gly

Leu Ile

Arg

Phe

Arg

Gly

970

Gln

Met

Gly

Thr

Ile
1050

Arg Leu
Glu Gly
940

Ser Asp

955

Leu Glu

Asn Arg

Tyr Pro

Asp Leu

Ala Asn
925

Leu Ile

Val Leu

Leu Glu

Phe Gly
990

Arg Val
1005

Ser Val

1020

Asp Glu
1035

Lys Leu

Glu Arg Glu Val Tyr

1065

Arg Val Ala Asp Arg Ser

Ala Asp Met His Asp Pro Leu

1095

1110

Ile Lys Lys Gly Gln

1125

Met Ile Ile Ser Ser

1140

Ser Asp Gly Glu Asn

1155

Asp Gln Val Pro Val

1170

<210> SEQ ID NO 5
<211> LENGTH: 11
<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met

1

Leu

Ile

Ile

Glu
65

Tyr

Asp

Ser

Gly

Arg

Tyr

50

Ala

Leu

Phe

Ser

Glu

Ile

35

Ser

Tyr

Ala

Ile

Ser

Lys

20

Phe

His

Val

Met

His
100

80

1080

Glu Ile

Gln Ala

Ser

Gly

Arg

Pro

975

Asp

Tyr

Leu

Glu

Val

1055

Leu

Gln

Asn

960

Phe

Val

Glu

Pro

Val

1040

Gly

Phe Asp Leu Asn

1070

Gln Lys Val Glu

1085

1100

1115

Pro Val Ala Val Leu Ser

1130

Pro Ser Asp Gly Gln Val

1145

Val Asp Ser Ser Asp Leu

1160

Glu Thr Lys Ala

1175

Saccharomyces cerevisiae

5

Lys Lys

Asn Lys

Arg Ser

Glu Asp

Ile Gly

70

Asp Glu
85

Pro Gly

Leu

Ile

Ala

Arg

55

Glu

Ile

Tyr

Ala Gly

Leu Val
25

His Glu

40

Leu Ser

Glu Gly

Ile Glu

Gly Phe
105

Leu

10

Ala

Leu

Met

Gln

Ile

90

Leu

Arg Asp

Asn Arg

Ser Met
His Arg
60

Tyr Thr
75

Ala Lys

Ser Glu

His Ile Gly

Lys Gly Ser

1120

Ala Met Lys Met

1135

Lys Glu Val Phe

1150

Leu Val Leu Leu

1165

Asn Phe

Gly Glu
30

Arg Thr

45

Leu Lys

Pro Val

Lys His

Asn Ser
110

Ser

15

Ile

Ile

Ala

Gly

Lys

95

Glu

Leu

Pro

Ala

Asp

Ala

80

Val

Phe
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-continued

124

Ala

Glu

Ala

145

Thr

Ile

Arg

Ala

Asp

225

Asn

Gln

Arg

Tyr

His

305

Thr

Ala

Thr

Ser

Ala

385

Ala

Ser

Ile

Thr

Phe

465

Arg

Ser

Ser

Asp

Val

130

Arg

Val

Ile

Glu

Arg

210

Lys

Val

Lys

Asp

Arg

290

Tyr

Glu

Ala

Thr

Lys

370

Gly

Thr

Gly

Glu

Leu

450

Ile

Ala

Ser

Val

Lys

115

Ile

Ala

Gln

Lys

Gly

195

Thr

Pro

Val

Val

Ala

275

Asn

Phe

Glu

Gly

Arg

355

Asn

Gly

Ile

Ser

Phe

435

Leu

Asp

Gln

Ile

Pro
515

Val

Asp

Asn

Glu

Ala

180

Asp

Ala

Lys

His

Val

260

Ile

Ala

Ile

Ile

Ala

340

Gly

Phe

Asn

Ser

Thr

420

Arg

Thr

Asp

Lys

Lys

500

His

Val

Ser

Val

Ala

165

Ala

Asp

Phe

His

Leu

245

Glu

Leu

Gly

Glu

Thr

325

Thr

Phe

Gln

Gly

Pro

405

Tyr

Ile

Asn

Thr

Leu
485

Gly

Leu

Lys

Val

Pro

150

Leu

Phe

Val

Gly

Ile

230

Phe

Val

Thr

Thr

Ile

310

Gly

Leu

Ser

Pro

Val

390

His

Glu

Arg

Pro

Pro
470
Leu

Gln

His

Ala

Gly

135

Thr

Asp

Gly

Ala

Asn

215

Glu

Glu

Ala

Asp

Ala

295

Asn

Ile

Thr

Ile

Asp

375

Arg

Tyr

Ile

Gly

Val

455

Gln

His

Ile

Asp

Gly

120

Asp

Val

Phe

Gly

Asp

200

Gly

Val

Arg

Pro

Ala

280

Glu

Pro

Asp

Gln

Gln

360

Thr

Leu

Asp

Val

Val

440

Phe

Leu

Tyr

Gly

Ala
520

Ile

Lys

Pro

Val

Gly

185

Ala

Thr

Gln

Asp

Ala

265

Val

Phe

Arg

Ile

Leu

345

Cys

Gly

Asp

Ser

Arg

425

Lys

Ile

Phe

Leu

Leu
505

Gln

Thr

Val

Gly

Asn

170

Gly

Phe

Cys

Leu

Cys

250

Lys

Lys

Leu

Ile

Val

330

Gly

Arg

Arg

Gly

Met

410

Arg

Thr

Glu

Gln

Ala
490

Pro

Gly

Trp

Ser

Thr

155

Glu

Arg

Gln

Phe

Leu

235

Ser

Thr

Leu

Val

Gln

315

Ser

Leu

Ile

Leu

Gly

395

Leu

Lys

Asn

Gly

Met
475
Asp

Lys

Asn

Ile

Ala

140

Pro

Tyr

Gly

Arg

Val

220

Ala

Val

Leu

Ala

Asp

300

Val

Ala

Leu

Thr

Glu

380

Asn

Val

Met

Ile

Thr

460

Val

Leu

Leu

Val

Gly

125

Arg

Gly

Gly

Met

Ala

205

Glu

Asp

Gln

Pro

Lys

285

Asn

Glu

Gln

Gln

Thr

365

Val

Ala

Lys

Ile

Pro

445

Tyr

Ser

Ala

Lys

Ile
525

Pro

His

Pro

Tyr

Arg

190

Thr

Arg

Asn

Arg

Arg

270

Val

Gln

His

Ile

Asp

350

Glu

Tyr

Tyr

Cys

Arg

430

Phe

Trp

Ser

Val

Ser
510

Asn

Pro

Leu

Ile

Pro

175

Val

Ser

Phe

His

Arg

255

Glu

Cys

Asn

Thr

Gln

335

Lys

Asp

Arg

Ala

Ser

415

Ala

Leu

Thr

Gln

Asn
495

Asn

Val

Ala

Ala

Glu

160

Val

Val

Glu

Leu

Gly

240

His

Val

Gly

Arg

Ile

320

Ile

Ile

Pro

Ser

Gly

400

Cys

Leu

Leu

Thr

Asn
480
Gly

Pro

Thr
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-continued

126

Lys
Pro
545

Met

Leu

Leu

625

Ala

Phe

Asp

Lys

Met

705

Met

Leu

Ser

Ala

785

Gln

Thr

Glu

Asp

Leu

865

Thr

Lys

Gln

Ser

530

Ser

Asp

Arg

Ala

Ala

610

Arg

Asn

Val

Ala

Lys

690

Leu

Glu

Ala

Arg

Ala

770

Asp

Pro

Gly

Met

Pro

850

Leu

Lys

Val

Ser

Asp
930

Pro

Ala

Glu

Thr

Thr

Gly

595

Met

Ser

Gly

Lys

Leu

675

Ala

Gln

Lys

Gly

Thr

755

Gly

Val

Ser

Ile

Arg

835

Glu

Phe

Arg

Thr

Asn
915

Phe

Tyr

Pro

Phe

Thr

His

580

Ala

Arg

Leu

Val

Gln

660

Asn

Gly

Pro

Ile

Thr

740

Arg

Thr

Val

Ile

Asn

820

Leu

Val

Gln

Ala

Pro
900
Lys

Pro

Gly

Pro

Ala

Trp

565

Asp

Phe

Phe

Val

Ala

645

Ala

Asp

Gly

Gly

Val

725

Met

Tyr

Ala

Asp

Asn

805

Val

Leu

Tyr

Ala

Tyr

885

Thr

Leu

Asp

Gly

Ser

Lys

550

Arg

Leu

Ala

Leu

Pro

630

Tyr

Lys

Leu

Val

Lys

710

Gln

Lys

Pro

Val

Val

790

Ala

Glu

Tyr

Gln

Gln

870

Arg

Ser

Thr

Ser

Phe

Gly

535

Gln

Asp

Ala

Leu

His

615

Asn

Ser

Asp

Glu

Val

695

Lys

Met

Pro

Asp

Ala

775

Ala

Leu

His

Ser

His

855

Gln

Glu

Lys

Ser

Val
935

Pro

Trp

Val

Ala

Thr

Glu

600

Glu

Ile

Ser

Asn

Gln

680

Glu

Tyr

Gly

Ala

Leu

760

Ser

Ile

Leu

Val

Cys

840

Glu

Leu

Ala

Val

Asp
920

Met

Glu

Arg

Arg

His

Ile

585

Cys

Asp

Pro

Leu

Gly

665

Leu

Ala

Asn

Thr

Ala

745

Pro

Met

Asn

Ala

Arg

825

Phe

Ile

Gly

Asn

Val
905
Asp

Asp

Pro

Gln

Gln

Gln

570

Ala

Trp

Pro

Phe

Pro

650

Val

Lys

Thr

Leu

His

730

Ala

Ile

Thr

Ser

Ser

810

Glu

Glu

Pro

Leu

Tyr

890

Gly

Ile

Phe

Leu

Val

Phe

555

Ser

Pro

Gly

Trp

Gln

635

Asp

Asp

Val

Val

Asp

715

Ile

Lys

His

Ala

Met

795

Leu

Leu

Ala

Gly

Gly

875

Leu

Asp

Arg

Phe

Arg

Leu Leu Glu Lys

540

Asn

Leu

Thr

Gly

Glu

620

Met

Asn

Ile

Gly

Cys

700

Tyr

Leu

Leu

Val

Cys

780

Ser

Glu

Asp

Asp

Gly

860

Glu

Leu

Leu

Arg

Glu
940

Ser

Gly

Leu

Thr

Ala

605

Arg

Leu

Ala

Phe

Val

685

Tyr

Tyr

Gly

Leu

His

765

Ala

Gly

Gly

Ala

Leu

845

Gln

Gln

Gly

Ala

Leu
925

Gly

Asp

Thr

Ala

Ala

590

Thr

Leu

Leu

Ile

Arg

670

Asn

Ser

Leu

Ile

Ile

750

Ser

Leu

Leu

Asn

Tyr

830

Lys

Leu

Trp

Asp

Gln

910

Ala

Leu

Val

Leu

Thr

575

His

Phe

Arg

Arg

Asp

655

Val

Ala

Gly

Glu

Lys

735

Gly

His

Ala

Thr

Ile

815

Trp

Gly

Thr

Ala

Ile

895

Phe

Asn

Ile

Leu

Gly

Leu

560

Arg

Ala

Asp

Lys

Gly

640

His

Phe

Val

Asp

Val

720

Asp

Ser

Asp

Gly

Ser

800

Asp

Ala

Pro

Asn

Glu

880

Val

Met

Ser

Gly

Arg
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-continued

128

945 950

Asn Lys Arg Arg Lys Leu Thr Cys
965

Phe Asp Leu Glu Lys Ile Arg Glu
980

Ile Asp Glu Cys Asp Val Ala Ser
995 1000

Glu Asp Phe Gln Lys Ile Arg Glu
1010 1015

Pro Thr Lys Asn Phe Leu Ala Pro
1025 1030

Val Thr Ile Glu Gln Gly Lys Thr
1045

Gly Asp Leu Asn Lys Lys Thr Gly
1060

Arg

Asp

985

Tyr

Thr

Ala

Leu

Pro

970

Leu

Asn

Tyr

Glu

Ile
1050

955

Gly Leu Glu Leu

Gln Asn Arg Phe

990

Met Tyr Pro Arg

Gly Asp

1005

Leu

1020

Pro Asp
1035

Ile Lys

Gln Arg Glu Val

1065

Asn Gly Glu Leu Arg Lys Ile Arg Val Ala Asp Lys

1075 1080

Glu

Leu

Tyr

Ser
1085

Ser

Glu

Gln

Glu

975

Gly

Val

Val

Ile

Ala
1055

960

Pro

Asp

Tyr

Leu

Glu

1040

Val

Phe Glu Leu

1070

Gln

Gln Ser Val Ala Lys Pro Lys Ala Asp Val His Asp Thr His
1100

1090 1095

Gly Ala Pro Met Ala Gly Val Ile Ile Glu Val Lys

1105 1110

1115

Ser Leu Val Lys Lys Gly Glu Ser Ile Ala Val Leu

1125

1130

Met Glu Met Val Val Ser Ser Pro Ala Asp Gly Gln

1140

1145

Phe Ile Lys Asp Gly Glu Ser Val Asp Ala Ser Asp

1155 1160

Leu Glu Glu Glu Thr Leu Pro Pro
1170 1175

<210> SEQ ID NO 6

<211> LENGTH: 560

<212> TYPE: PRT

<213> ORGANISM: Pichia stipitis

<400> SEQUENCE: 6

Met Thr Ala Ser Ser Leu Asp Asn
1 5

Phe Asp Glu Glu Asn Asp Gly Leu
20

Thr Asn Lys His Lys Glu Ala Ser
35 40

Pro Lys Asn Thr Ser Leu Pro Ser
50 55

Lys Val Asp Arg Pro Ala Phe Phe
65 70

Gln Gly Val Pro Val Gly Leu Ala
85

Lys Ser Lys Leu Ser Tyr Ser Gln
100

Tyr Pro Tyr Ser Leu Lys Leu Ile
115 120

Tyr Ser Pro Lys Leu Gly Arg Arg
130 135

Ser Gln Lys Lys
1180

Gln

Leu

25

Thr

Ser

Val

Phe

Val
105

Trp

Arg

Leu

10

Pro

Ser

Thr

Leu

Gly

90

Gly

Ser

Ser

Asn Tyr

Ile Ser

Lys Asn

Lys Ser

60

Val Leu

75

Ser Ile

Ile Phe

Pro Ile

Trp Ile
140

Val

Ser

His

Ala

Asn

Gln

Lys

Met
1135

Ile

Ile

Gly

1120

Lys

Val Lys Asp Val

1150

Leu Leu Val Val

1165

Val

Leu

Ser

Ala

Leu

Pro

Ser

Val

125

Ile

His

Gln

30

Thr

Ser

Tyr

Phe

Leu
110

Asp

Pro

Ala

15

Asp

Phe

Leu

Leu

Ile

95

Ala

Ala

Ile

Ala

Leu

Ala

Leu

Leu

80

Leu

Ala

Val

Gln
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130

Thr

145

Leu

Phe

Trp

Ala

Phe

225

Trp

Glu

Glu

Asp

305

Asn

Gln

Ser

Met

Leu

385

Leu

Ser

Met

Ala

Ser

465

Asp

Tyr

Gly

Cys

Thr
545

Ile

Met

Met

Ala

Gln

210

Leu

Pro

Gly

Asp

Lys

290

Leu

Val

Val

Lys

Val

370

Lys

Ala

Phe

Ser

Asp

450

Asn

Lys

Tyr

Lys

Val
530

Tyr

Ser

Glu

Leu

Leu

195

Thr

Ala

Leu

Trp

Pro

275

Ile

Gln

Gln

Asn

Glu

355

Phe

Pro

Gln

Tyr

Thr

435

Pro

Tyr

Leu

Ile

Leu
515

Ile

Leu

Gly

Asp

Val

180

Thr

Ile

Leu

Asp

Met

260

Pro

Lys

Asn

Thr

Glu

340

Asp

Gly

Trp

Gly

Phe

420

Ile

Ala

Gly

Thr

Thr
500
Thr

Ile

Gln

Val

Pro

165

Phe

Cys

Gly

Ser

Val

245

Phe

His

Thr

Val

Phe

325

Ala

Leu

Tyr

Ile

Ile

405

Leu

Gln

Ile

Gly

Ile

485

Asp

Val

Gly

Ser

Thr

150

Gln

Phe

Leu

Ile

Ser

230

Gly

Leu

Leu

Glu

Tyr

310

Val

Ala

Ser

Tyr

Phe

390

Val

Leu

Phe

Gly

Thr

470

Glu

Glu

Leu

Ile

Leu
550

Leu

Asn

Cys

Ser

Asn

215

Pro

Leu

Ala

Ala

Ser

295

Leu

Ile

Thr

Ile

Ala

375

Gly

Tyr

Val

Val

Gly

455

Trp

Glu

Asp

Arg

Phe
535

Pro

Ile

Cys

Ala

Pro

200

Thr

Asp

Phe

Val

Lys

280

Val

Ala

Ile

Asn

Thr

360

Gly

Phe

Phe

Ile

Ser

440

Thr

Pro

Cys

Leu

Asp
520

Thr

Asn

Tyr

Leu

Thr

185

Glu

Gly

Phe

Ser

Thr

265

Arg

Tyr

Met

Leu

Leu

345

Val

Arg

Ala

Phe

Leu

425

Leu

Tyr

Arg

Lys

Arg

505

Gly

Leu

Ser

Leu

Pro

170

Gln

Ser

Tyr

Ala

Leu

250

Ala

Asn

Asn

Phe

Leu

330

Lys

Leu

Trp

Gly

Pro

410

Gln

Cys

Met

Leu

Val

490

Gln

Tyr

Leu

Ala

Gly

155

Thr

Asp

Leu

Phe

Asn

235

Gly

Leu

Gln

Lys

Lys

315

Ile

Leu

Ile

Ser

Arg

395

Glu

His

Ala

Thr

Ile

475

Pro

Gln

Tyr

Trp

Trp
555

Ser

Ile

Ile

Ser

Ser

220

Arg

Ser

Leu

Ala

Asp

300

Val

Ser

Leu

Asp

Thr

380

Leu

Asp

Leu

Phe

Thr

460

Leu

Ser

Cys

Tyr

Val
540

Arg

Leu

Thr

Ala

Tyr

205

Ser

Tyr

Tyr

Trp

Lys

285

Ser

Leu

Lys

Glu

Phe

365

Gly

Val

Gly

Leu

His

445

Leu

Leu

Val

Lys

Thr
525

Lys

Val

Ile

Phe

Val

190

Ala

Phe

Leu

Leu

Phe

270

Leu

Lys

Lys

Phe

Lys

350

Pro

Lys

Ala

Lys

Gly

430

Thr

Asn

Tyr

Thr

Ser
510
Asn

Arg

Asn

Asp

Cys

175

Asp

Ser

Thr

Arg

Thr

255

Val

Ser

Phe

Leu

Gly

335

Gly

Phe

Ser

Ala

Ile

415

Ser

Lys

Thr

Leu

Asn

495

Ser

Thr

Lys

Lys

Gly

160

Phe

Gly

Thr

Ile

Lys

240

Phe

Pro

Asn

Lys

Pro

320

Phe

Leu

Glu

Pro

Ala

400

Ser

Phe

Ile

Leu

Ile

480

Ser

Gly

Ile

Thr

Asp
560
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-continued

<210> SEQ ID NO 7

<211> LENGTH: 415

<212> TYPE: PRT

<213> ORGANISM: Picihia stipitis

<400> SEQUENCE: 7

Met Ser Tyr Phe Ala Gly Ile Thr Glu Leu Pro Pro Asp Pro Leu Phe
1 5 10 15

Gly Leu Lys Ala Arg Tyr Val Ala Asp Ser Arg Thr Asp Lys Val Asp
20 25 30

Leu Gly Ile Gly Ala Tyr Arg Asp Asn Asn Gly Lys Pro Trp Ile Leu
Pro Ala Val Lys Leu Ala Glu Ala Lys Leu Val Ser Ser Pro Asp Tyr
50 55 60

Asn His Glu Tyr Leu Ser Ile Ser Gly Phe Glu Pro Phe Leu Lys Gln
65 70 75 80

Ala Ser Lys Val Ile Leu Gly Glu Asn Ser Ala Ala Leu Ala Glu Asn
85 90 95

Arg Val Val Ser Gln Gln Ser Leu Ser Gly Thr Gly Ala Leu His Val
100 105 110

Ala Gly Val Leu Leu Lys Glu Phe Tyr Thr Gly Glu Lys Thr Val Tyr
115 120 125

Leu Ser Lys Pro Thr Trp Ala Asn His Asn Gln Ile Phe Thr Ser Ile
130 135 140

Gly Phe Lys Val Ala Ser Tyr Pro Tyr Trp Asp Asn Asp Thr Lys Ser
145 150 155 160

Leu Asp Leu Lys Gly Phe Leu Ser Thr Ile Arg Thr Ala Pro Ala Gly
165 170 175

Ser Ile Phe Leu Leu His Ala Cys Ala His Asn Pro Thr Gly Leu Asp
180 185 190

Pro Ser Gln Asp Glu Trp Lys Gln Val Leu Lys Glu Leu Glu Ala Lys
195 200 205

Lys His Leu Val Leu Phe Asp Ser Ala Tyr Gln Gly Phe Ala Ser Gly
210 215 220

Asp Leu Asp Lys Asp Ala Tyr Ala Ile Arg Tyr Ala Ile Asp Gln Lys
225 230 235 240

Val Ile Ser Thr Pro Ile Ile Ile Cys Gln Ser Phe Ala Lys Asn Val
245 250 255

Gly Met Tyr Gly Glu Arg Val Gly Ala Ile His Val Ile Pro Ser Thr
260 265 270

Gln Lys Asp Glu Gln Leu Gly Arg Ala Leu Lys Ser Gln Leu Asn Arg
275 280 285

Ile Ile Arg Ser Glu Ile Ser Asn Pro Pro Ala Tyr Gly Ala Lys Ile
290 295 300

Val Ser Thr Ile Leu Asn Asp Arg Ala Leu Arg Gln Gln Trp Glu Ala
305 310 315 320

Asp Leu Val Thr Met Ser Ser Arg Ile His Lys Met Arg Leu Lys Leu
325 330 335

Lys Glu Leu Leu Thr Asn Leu His Thr Pro Gly Thr Trp Asp His Ile
340 345 350

Val Asn Gln Thr Gly Met Phe Ser Phe Thr Gly Leu Ser Pro Asp Met
355 360 365

Val Ala Arg Leu Glu Lys Val His Gly Ile Tyr Leu Val Ser Ser Gly
370 375 380



133

US 9,080,188 B2

-continued

134

Arg Ala Ser Val Ala Gly Leu Asn Asp Gly Asn

385

390

395

Asn Ala Ile Asp Glu Val Val Arg Phe Tyr Ala

405

<210> SEQ ID NO 8

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met Leu Arg Thr

1

Thr

Gly

Leu

Pro

65

Asn

Glu

Pro

Gly

Ser

145

Ile

Lys

Phe

Ile

Glu

225

Pro

Lys

Asn

Gly

Thr
305

Gln

Ser

Ser

Leu

Thr

50

Ser

Lys

Asn

Phe

Thr

130

Arg

Phe

Asp

Ala

Leu

210

Gln

Ile

Asp

Trp

Leu

290

Ala

Gln

Ser

Ser

Ser

35

Val

Val

Asn

Val

Tyr

115

Gly

Asp

Gln

Gly

Tyr

195

His

Trp

Val

Ala

Ser

275

Tyr

Asn

Asn

Pro

Leu

20

Glu

Gly

Ala

Leu

Met

100

Leu

Ala

Ile

Asn

Gln

180

Asn

Ala

Glu

Asp

Tyr

260

Asn

Gly

Asn

Ile

Pro
340

451

Saccharomyces cerevisiae

8

Arg

Ser

His

Ile

Lys

Ser

85

Lys

Ala

Leu

Trp

Asn

165

Ile

Asn

Cys

Lys

Met

245

Leu

Gly

Glu

Gly

Asp

325

Gly

Leu

Arg

Phe

Tyr

Ala

70

Tyr

Phe

His

Ala

Ile

150

Gly

Asp

Gln

Cys

Ile

230

Ala

Leu

Ile

Arg

Lys

310

Ser

Tyr

Thr

Val

Lys

Lys

55

Gln

Leu

Leu

Asp

Val

135

Pro

Phe

Ile

Gln

His

215

Ile

Tyr

Arg

Phe

Val
295
Phe

Gln

Gly

Asn

Pro

Lys

40

Asp

Lys

Pro

Phe

Arg

120

Ala

Asp

Glu

Asp

Glu

200

Asn

Asp

Gln

Leu

Leu

280

Gly

Asn

Leu

Ser

Cys

Arg

25

Val

Gly

Leu

Ile

Lys

105

Ile

Ala

Pro

Asn

Gly

185

Asn

Pro

Thr

Gly

Cys

265

Cys

Ser

Pro

Lys

Arg
345

410

Ser

10

Ala

Lys

Trp

Ile

Thr

90

Glu

Ser

Lys

Ser

Ile

170

Trp

Asn

Thr

Ile

Leu

250

Leu

Gln

Leu

Leu

Lys
330

Val

Leu

Pro

Asn

Gly

Glu

75

Gly

Ser

Phe

Phe

Trp

155

Tyr

Ile

Lys

Gly

Tyr

235

Glu

Asn

Ser

Ser

Gln
315

Ile

Val

Val Glu Lys Val

Lys Pro Lys Leu

Trp

Pro

Val

Lys

60

Ser

Ser

Cys

Val

Leu

140

Ala

Arg

Glu

Asn

Leu

220

Glu

Ser

Val

Phe

Val

300

Gln

Val

Asn

Arg

Asp

Asn

45

Val

His

Lys

Pro

Gln

125

Ala

Asn

Tyr

Gln

Pro

205

Asp

Leu

Gly

Asn

Ala

285

Ile

Lys

Arg

Val

Pro

Lys

30

Lys

Thr

Leu

Glu

Gln

110

Thr

Leu

His

Ser

Leu

190

Pro

Pro

Lys

Asn

Lys

270

Lys

Thr

Asn

Gly

Val
350

415

Tyr

15

Val

Ile

Thr

Glu

Phe

95

Phe

Leu

Phe

Lys

Tyr

175

Lys

Cys

Thr

Met

Leu

255

Tyr

Asn

Pro

Ser

Met
335

Leu

Ala
400

Tyr

Leu

Asp

Phe

Leu

80

Gln

Gly

Ser

Ile

Asn

160

Tyr

Thr

Ile

Lys

Val

240

Leu

Pro

Met

Ala

Leu
320

Tyr

Ser
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-continued

136

Asp

Gln

Pro

385

Arg

Tyr

Asn

Lys

<210>
<211>
<212>
<213>

<400>

Phe

Arg

370

Asp

Phe

Leu

Val

Leu
450

Lys

355

Leu

Leu

Ser

Thr

Asp

435

Ala

Leu

His

Val

Pro

Gly

420

Tyr

PRT

SEQUENCE :

Met Tyr Arg Thr

1

Val

Ser

Ala

Ala

65

Glu

Gly

Phe

Asn

Gly

Leu

Ser

Leu

225

Asn

Asn

Ser

Glu

Tyr

50

Tyr

Ala

Ile

Asn

Arg

130

Ile

Pro

Leu

Asp

Ile

210

Thr

Phe

Pro

Thr

Ile

Asn

Arg

Glu

Thr

Asn

115

Ile

Gly

Lys

Glu

Phe

195

Val

Pro

Tyr

Tyr

Arg

20

Pro

Lys

Asp

Lys

Gly

100

Ser

Val

Asp

Pro

Pro

180

Ala

Leu

Glu

Pro

Lys

Lys

His

Asn

Lys

405

Asp

Leu

SEQ ID NO 9
LENGTH:
TYPE :
ORGANISM: Pichia stipitis

439

9

Ser

5

Gln

Leu

Asp

Asn

Ile

85

Ser

Gly

Thr

Phe

Thr

165

Glu

Asn

Leu

Gln

Leu
245

Asp

Gln

Val

Phe

390

Gln

Gly

Cys

Leu

Phe

Ala

Ala

Ser

70

Leu

Lys

Lys

Ala

Leu

150

Trp

Phe

Leu

His

Trp

230

Val

Ile

Gln

Arg

375

Ala

Val

Arg

Glu

Leu

Ser

Pro

Asn

55

Gly

Leu

Lys

Asp

Gln

135

Asn

Ala

Tyr

Lys

Ala
215
Glu

Asp

Gly

Trp

360

Gln

Gln

Glu

Leu

Ser
440

Lys

Val

Pro

40

Thr

Lys

Ala

Phe

Val

120

Thr

Arg

Asn

Ala

Lys

200

Cys

Glu

Met

Leu

Phe

Glu

Gln

Ile

Ser

425

Leu

Gln

Leu

25

Asp

Ser

Pro

Ser

Gln

105

Asn

Ile

Phe

His

Tyr

185

Ser

Cys

Val

Ala

Ile

Lys

Met

His

Leu

410

Leu

Glu

Thr

10

Asn

Lys

Lys

Ile

Glu

90

Asn

Gly

Ser

Tyr

Val

170

Tyr

Leu

His

Leu

Tyr
250

Arg

Asp

Phe

Gly

395

Arg

Ser

Ala

Ala

Asn

Ile

Ile

Ile

75

Val

Ala

Gln

Gly

Thr

155

Ala

Glu

Ser

Asn

Ala
235

Gln

Arg

Val

Asp

380

Met

Asn

Gly

Val

Arg

Gln

Leu

Asn

60

Phe

Glu

Val

Gln

Thr

140

Asn

Val

Thr

Ser

Pro
220
Ile

Gly

Leu

Asp

365

Arg

Phe

Asn

Val

Ser
445

Pro

Val

Gly

Leu

Pro

Lys

Lys

Leu

125

Gly

Lys

Phe

Ser

Gln

205

Thr

Val

Phe

Asn

Phe

Leu

Tyr

Tyr

Asn

430

Lys

Ser

Arg

30

Ile

Gly

Ser

Glu

Gly

110

Ile

Ser

Lys

Lys

Lys

190

Pro

Gly

Gln

Ala

Glu

Met

Gly

Tyr

Phe

415

Asp

Met

Val

15

Lys

Ser

Val

Val

Tyr

95

Phe

Glu

Leu

Leu

Asp

175

Asn

Asp

Met

Glu

Ser
255

Leu

Val

Trp

Thr

400

Val

Ser

Asp

Arg

Trp

Glu

Gly

Lys

80

Thr

Val

Gln

Arg

Leu

160

Ala

Asp

Gly

Asp

Lys

240

Gly

Val
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-continued

138

Asn

Glu

305

Ile

Glu

Asp

Tyr

Gln

385

Lys

Ser

Ile

Gln

Met

290

Ser

Arg

Ile

Leu

Glu

370

Arg

Leu

Ile

Asn

Asn

275

Gly

Ala

Pro

Ile

Asp

355

Asn

Gly

Arg

Ser

Glu
435

260

Lys

Leu

Glu

Ile

Phe

340

Lys

Leu

Met

Asn

Gly

420

Val

Leu

Tyr

Ala

Tyr

325

Asp

Val

Asp

Phe

Asp

405

Ile

Val

<210> SEQ ID NO 10

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met
1

Ser
65

Ser

Glu

Tyr
Gln
145

Ser

Gly

Ser

Phe

Asp

Leu

50

Tyr

Asn

Asp

Ile

Leu
130
Gly

Leu

Ser

Ala

Gly

Leu

35

Pro

Asn

Ala

Arg

Ser

115

Ser

Leu

Asp

Ile

Thr

Ile

Gly

Ser

His

Ala

Val

100

Ala

Lys

Lys

Leu

Phe
180

418

Saccharomyces cerevisiae

10

Leu

Lys

Ile

Val

Glu

Lys

85

Ile

Lys

Pro

Thr

Asn

165

Val

Lys

Gly

Ser

310

Ser

Glu

Val

Lys

Val

390

Tyr

Asn

Lys

Phe

Gln

Gly

Lys

Tyr

70

Ile

Ser

Phe

Thr

Ala
150

Gly

Leu

Ser

Glu

295

Gln

Ser

Gln

Gly

Ser

375

Tyr

Ser

Asp

Gln

Asn

Arg

Ala

Ala

55

Leu

Ile

Val

Phe

Trp

135

Thr

Phe

His

Tyr

280

Arg

Ala

Pro

His

Arg

360

Ser

Thr

Val

Asn

Asn

Tyr

Tyr

40

Ala

Gly

Phe

Gln

Ser

120

Ala

Tyr

Leu

Ser

265

Ala

Thr

Ile

Pro

Asn

345

Leu

Tyr

Gly

Tyr

Asn
425

Ile

Gly

Arg

Glu

Ile

Gly

Ser

105

Lys

Asn

Pro

Asn

Cys
185

Leu

Gly

Glu

Ile

330

Leu

Asn

Asn

Leu

Ala

410

Val

Glu

10

Gln

Asp

Lys

Thr

Thr

90

Leu

Phe

His

Tyr

Ala
170

Ala

Cys

Ser

Ser

315

His

Leu

Thr

Trp

Ser

395

Thr

Glu

Leu

Asp

Asp

Leu

Gly

75

Gln

Ser

Phe

Met

Trp
155

Ile

His

Gln

Ile

300

Gln

Gly

Asn

Val

Asp

380

Ala

Glu

Tyr

Leu

Gln

Asn

Ile

60

Leu

Ser

Gly

Pro

Ala
140
Ala

Gln

Asn

Ser

285

Ser

Leu

Ser

Ser

Arg

365

His

Glu

Asp

Leu

Pro

Arg

Gly

45

His

Pro

Asp

Thr

Asp

125

Ile

Asn

Lys

Pro

270

Phe

Ile

Lys

Lys

Trp

350

Ser

Leu

Gln

Gly

Ala
430

Pro

Ala

Lys

Asn

Ser

Ala

Gly

110

Lys

Phe

Glu

Ala

Thr
190

Ala

Ile

Lys

Ile

335

Leu

Lys

Leu

Val

Arg

415

Asn

Asp

15

Thr

Pro

Asp

Leu

Phe

95

Ala

Leu

Glu

Thr

Pro

175

Gly

Lys

Thr

Leu

320

Val

Gln

Leu

Lys

Ile

400

Phe

Ala

Ala

Lys

Trp

Ser

Thr

80

Gln

Leu

Val

Asn

Lys
160

Glu

Leu
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140

Asp

Lys

Gly

225

Leu

Ala

Lys

Ala

Lys

305

Ala

Gln

Ser
385

Lys

Pro

Asn

210

Asp

Ser

Gly

Gln

Lys

290

Ile

Lys

Leu

Ile

Met

370

Gly

Ala

Leu

Thr

195

His

Leu

Thr

Met

Ala

275

Ile

Val

Asp

Arg

Val

355

Val

Arg

Lys

Ser

Ile

Asp

Val

Tyr

260

Gln

Ile

Ala

Met

Asp

340

Asn

Lys

Ala

Ala

Glu

Ala

Lys

Ser

245

Gly

Asn

Arg

Lys

Val

325

His

Gln

Arg

Ser

Ile
405

<210> SEQ ID NO 11

<211> LENGTH:

<212> TYPE:
<213> ORGANISM: Pichia stipitis

PRT

<400> SEQUENCE:

Met

1

Asp

Phe

Ile

Ala

65

Lys

Asp

Asn

Ala

Ser

Leu

Gly

Val

50

Arg

Ala

Val

Lys

His
130

Val

Arg

Gly

35

Leu

Ser

Ala

Ile

Thr

115

Ala

Ser

Phe

20

Thr

Val

Ser

Asp

Glu

100

Ile

Ala

536

11

Pro

Thr

Ser

Phe

Gln

Ile

85

Asp

Gln

Glu

Gln

Leu

Asp

230

Pro

Glu

Lys

Ser

Leu

310

Thr

Leu

Cys

Leu

Ile

390

Asp

Pro

Ala

Val

Ser

Thr

70

Ala

Asp

Gln

Leu

Trp

Phe

215

Ala

Val

Arg

Thr

Glu

295

Leu

Met

Val

Gly

Glu

375

Ala

Glu

Leu

Ser

Gly

Lys

55

Lys

Ala

His

Lys

Leu
135

Val

200

Asp

Tyr

Phe

Val

Ile

280

Val

Glu

Ser

Lys

Met

360

Glu

Gly

Val

Ser

Lys

Lys

40

Thr

Ser

Glu

Val

Leu
120

Arg

Gln

Thr

Ala

Val

Gly

265

Lys

Ser

Thr

Ser

Leu

345

Phe

Thr

Leu

Val

Ala

Pro

25

Phe

Asn

Glu

Ser

Lys
105

Val

Ala

Ile

Ala

Val

Cys

250

Cys

Pro

Asn

Pro

Arg

330

Gly

Ser

His

Asn

Arg
410

Lys

10

Gln

Pro

Arg

Gly

Gly

90

Asn

Ala

Cys

Val

Tyr

Arg

235

Gln

Phe

Ala

Pro

Glu

315

Ile

Thr

Phe

Ala

Gln

395

Phe

Ser

Gly

Glu

Val

Thr

75

Asp

Ala

Asp

Gln

Asp

Gln

220

Leu

Ser

His

Val

Pro

300

Leu

Thr

Pro

Thr

Val

380

Gly

Tyr

Tyr

Trp

Asn

Ala

60

Thr

Phe

Glu

Thr

Val
140

Ala

205

Gly

Gly

Phe

Leu

Thr

285

Ala

Thr

Lys

Gly

Gly

365

Tyr

Asn

Thr

Asn

Val

Ile

Val

Ser

Gln

Ala

Lys
125

Ile

Ile

Phe

Val

Ala

Ala

270

Ser

Tyr

Glu

Met

Asn

350

Leu

Leu

Val

Ile

Ser

Val

30

Val

Val

Arg

Tyr

Arg

110

Arg

Gly

Ala

Ala

Glu

Lys

255

Leu

Gln

Gly

Gln

Arg

335

Trp

Thr

Val

Glu

Glu
415

Ile

15

Gln

Asp

Cys

Leu

Met

95

Val

Glu

Glu

Ser

Thr

Lys

240

Asn

Thr

Leu

Ala

Trp

320

His

Asp

Pro

Ala

Tyr

400

Ala

Val

Lys

Asp

Ser

Leu

80

Leu

Lys

Ile

Ile
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-continued

142

Ser

145

Cys

Tyr

Gly

Arg

Phe

225

Thr

Leu

Lys

Ala

Glu

305

Asn

Arg

Ser

Thr

Thr

385

Phe

Met

Leu

Thr

Ala

465

Met

Glu

Glu

Arg

Ala

Leu

Ile

Phe

Ala

210

Gly

Asp

Gln

Val

Glu

290

Gln

Pro

Gly

Ser

Ala

370

Leu

Lys

Ala

Lys

Ile

450

Gly

Ile

Lys

Gly

Leu
530

Arg

Phe

Asp

Asp

195

Leu

Thr

Leu

Val

Pro

275

Leu

Val

Lys

Glu

Ser

355

Lys

Ser

Leu

Leu

Asp

435

Ile

Asn

Ser

Asp

Thr
515

Glu

Ser

Met

Leu

180

Asp

Ala

Val

Cys

Trp

260

Thr

Thr

Ile

Gly

Glu

340

Phe

Gln

His

Val

Gln

420

Leu

Ser

Met

Gln

Thr
500

Phe

Ser

Leu

Ala

165

Ser

Asn

Leu

Pro

Ala

245

Lys

Ala

Tyr

Lys

Ser

325

Thr

Val

Asp

Gly

Val

405

Ile

Arg

Leu

Phe

Gly

485

Ile

Gly

Leu

<210> SEQ ID NO 12

<211> LENGTH:

<212> TYPE:

PRT

536

Asp

150

Ala

Asp

Phe

Ser

Gly

230

Ala

Glu

Arg

Tyr

Ala

310

Gly

Pro

Leu

Ile

Phe

390

Asp

Leu

Arg

Val

Lys

470

Ala

Arg

Phe

Lys

Ser

Leu

Val

Tyr

Glu

215

Gly

Leu

Val

Leu

Gly

295

Lys

Thr

Pro

Ser

Val

375

Leu

Leu

Gln

Met

Gly

455

Val

Asn

Ala

Asp

Phe
535

Val

Met

Ile

Lys

200

Asp

Leu

Val

Asp

Leu

280

Ser

Ile

Ile

His

His

360

Val

Ala

Ile

Asp

Gly

440

Lys

Leu

Glu

Leu

Asp
520

Gln

Met

Asn

Pro

185

Phe

Thr

Leu

Ala

Gly

265

Asp

Glu

Pro

Ile

Pro

345

Lys

Ile

His

Ser

Gln

425

Thr

Gln

Ala

Ile

Gln
505

His

Ser

Asp

170

Leu

Leu

Val

Asn

Val

250

Ile

Ser

Val

Ile

Phe

330

Pro

Lys

Asn

Ile

Thr

410

Glu

Val

Met

Asp

Asn

490

Ser

Val

Ile

155

His

Asp

Ser

Pro

Gly

235

Gly

Phe

Val

Ile

Arg

315

Pro

Glu

Arg

Ile

Phe

395

Ser

Leu

Asp

Val

Asn

475

Ile

Ile

Glu

Gly Glu Lys

Gly

Tyr

Gln

Val

220

Val

Thr

Thr

His

300

Ile

Asp

Ala

Ser

His

380

Thr

Glu

Gln

Ile

Asn

460

Arg

Ser

His

Ser

Leu

Asp

Gln

205

Leu

Gly

Gln

Ala

Pro

285

Pro

Lys

Asn

Tyr

Ala

365

Ser

Thr

Val

Leu

Thr

445

Phe

Ile

Ala

Ala

Ala
525

Lys

Phe

190

Leu

Thr

Arg

Ala

Asp

270

Glu

Phe

Asn

Val

Glu

350

Thr

Asn

Leu

His

Lys

430

Arg

Ile

Asn

Val

Lys
510

Val

Leu

Ala

175

Thr

Ser

Gly

Gly

Asp

255

Pro

Glu

Thr

Val

Gly

335

Thr

Ala

Lys

Asp

Val

415

Asn

Asn

Asp

Ile

Ile

495

Leu

Asp

Ser

160

Val

Asn

Ser

Tyr

Tyr

240

Glu

Arg

Ala

Met

Val

320

Arg

Leu

Ile

Lys

Asn

400

Ser

Ala

Met

Ile

Glu

480

Asn

Leu

Leu
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-continued

144

<213> ORGANISM:

<400> SEQUENCE:

Met

1

Asp

Phe

Ile

Ala

65

Lys

Asp

Asn

Ala

Ser

145

Cys

Tyr

Gly

Arg

Phe

225

Thr

Leu

Lys

Ala

Glu

305

Asn

Arg

Ser

Thr

Thr
385

Ser

Leu

Gly

Val

Arg

Ala

Val

Lys

His

130

Ala

Leu

Ile

Phe

Ala

210

Gly

Asp

Gln

Val

Glu

290

Gln

Pro

Gly

Ser

Ala

370

Leu

Val

Arg

Gly

35

Leu

Ser

Ala

Ile

Thr

115

Ala

Arg

Phe

Asp

Asp

195

Leu

Thr

Leu

Val

Pro

275

Leu

Val

Lys

Glu

Ser
355

Lys

Ser

Ser

Phe

20

Thr

Val

Ser

Asp

Glu

100

Ile

Ala

Ser

Met

Leu

180

Asp

Ala

Val

Cys

Trp

260

Thr

Thr

Ile

Gly

Glu
340
Phe

Gln

His

Saccharomyces cerevisiae

12

Pro

Thr

Ser

Phe

Gln

Ile

85

Asp

Gln

Glu

Leu

Ala

165

Ser

Asn

Leu

Pro

Ala

245

Lys

Ala

Tyr

Lys

Ser

325

Thr

Val

Asp

Gly

Pro

Ala

Val

Ser

Thr

70

Ala

Asp

Gln

Leu

Asp

150

Ala

Asp

Phe

Ser

Gly

230

Ala

Glu

Arg

Tyr

Ala

310

Gly

Pro

Leu

Ile

Phe
390

Leu

Ser

Gly

Lys

55

Lys

Ala

His

Lys

Leu

135

Ser

Leu

Val

Tyr

Glu

215

Gly

Leu

Val

Leu

Gly

295

Lys

Thr

Pro

Ser

Val
375

Leu

Ser

Lys

Lys

40

Thr

Ser

Glu

Val

Leu

120

Arg

Val

Met

Ile

Lys

200

Asp

Leu

Val

Asp

Leu

280

Ser

Ile

Ile

His

His

360

Val

Ala

Ala

Pro

25

Phe

Asn

Glu

Ser

Lys

105

Val

Ala

Met

Asn

Pro

185

Phe

Thr

Leu

Ala

Gly

265

Asp

Glu

Pro

Ile

Pro
345
Lys

Ile

His

Lys

10

Gln

Pro

Arg

Gly

Gly

90

Asn

Ala

Cys

Ser

Asp

170

Leu

Leu

Val

Asn

Val

250

Ile

Ser

Val

Ile

Phe

330

Pro

Lys

Asn

Ile

Ser

Gly

Glu

Val

Thr

75

Asp

Ala

Asp

Gln

Ile

155

His

Asp

Ser

Pro

Gly

235

Gly

Phe

Val

Ile

Arg

315

Pro

Glu

Arg

Ile

Phe
395

Tyr

Trp

Asn

Ala

60

Thr

Phe

Glu

Thr

Val

140

Gly

Gly

Tyr

Gln

Val

220

Val

Thr

Thr

His

300

Ile

Asp

Ala

Ser

His
380

Thr

Asn

Val

Ile

45

Val

Ser

Gln

Ala

Lys

125

Ile

Glu

Leu

Asp

Gln

205

Leu

Gly

Gln

Ala

Pro

285

Pro

Lys

Asn

Tyr

Ala
365

Ser

Thr

Ser

Val

30

Val

Val

Arg

Tyr

Arg

110

Arg

Gly

Lys

Lys

Phe

190

Leu

Thr

Arg

Ala

Asp

270

Glu

Phe

Asn

Val

Glu
350
Thr

Asn

Leu

Ile

15

Gln

Asp

Cys

Leu

Met

95

Val

Glu

Glu

Leu

Ala

175

Thr

Ser

Gly

Gly

Asp

255

Pro

Glu

Thr

Val

Gly

335

Thr

Ala

Lys

Asp

Val

Lys

Asp

Ser

Leu

80

Leu

Lys

Ile

Ile

Ser

160

Val

Asn

Ser

Tyr

Tyr

240

Glu

Arg

Ala

Met

Val

320

Arg

Leu

Ile

Lys

Asn
400
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-continued

146

Phe

Met

Leu

Thr

Ala

465

Met

Glu

Glu

Arg

Lys

Ala

Lys

Ile

450

Gly

Ile

Lys

Gly

Leu
530

Leu

Leu

Asp

435

Ile

Asn

Ser

Asp

Thr

515

Glu

Val

Gln

420

Leu

Ser

Met

Gln

Thr

500

Phe

Ser

Val Asp
405

Ile Leu

Arg Arg

Leu Val

Phe Lys

470
Gly Ala
485
Ile Arg

Gly Phe

Leu Lys

<210> SEQ ID NO 13

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met Val Lys Lys

1

Arg

Leu

Gln

65

Ser

Glu

Pro

Pro
145
Ala

Thr

Glu

Thr
225

Phe

Gly

Trp

50

Ser

Gly

Ala

Gly

Ile

130

Gly

Pro

Ala

Pro

Glu
210

Lys

Ile

Ala

35

Lys

Glu

Leu

Gly

Val

115

Glu

Tyr

Leu

Thr

Gly
195

Glu

Asp

Leu

20

Ser

Gln

Cys

Asp

Leu

100

Pro

Arg

Ile

Lys

Thr
180
Met

Lys

Gly

363

Picihia

13

Ala Gly

Leu Leu

Pro Arg

Thr Asp

Lys Ala
70

Ala Asp
85

Val Val

Leu Ile

Lys Leu

Ile Cys

150

Pro Leu

165

Leu Gln

Asp Val

Leu Glu

Thr Asp
230

Leu Ile Ser
Gln Asp Gln
425

Met Gly Thr
440

Gly Lys Gln
455

Val Leu Ala

Asn Glu Ile

Ala Leu Gln

505

Asp Asp His
520

Phe Gln
535

stipitis

Val Leu Gly
Ala Glu His
25

Ser Ala Gly
40

Leu Leu Pro
55

Glu Ala Phe

Tyr Ala Gly

Val Ser Asn

105

Val Pro Ile
120

Ala Val Ala
135

Ile Ser Asn

Ile Asp Ala

Ala Ile Ser
185

Leu Asp Asn
200

Trp Glu Ser
215

Phe Ala Pro

Thr

410

Glu

Val

Met

Asp

Asn

490

Ser

Val

Ala

Pro

Lys

Glu

Lys

Pro

90

Ala

Val

Lys

Cys

Phe

170

Gly

Ile

Lys

Leu

Ser

Leu

Asp

Val

Asn

475

Ile

Ile

Glu

Thr

Asp

Gln

Asn

Asp

Ile

Lys

Asn

Ala

Ser

155

Gly

Ala

Ile

Lys

Ser
235

Glu

Gln

Ile

Asn

460

Arg

Ser

His

Ser

Gly

Phe

Tyr

Ala

60

Cys

Glu

Asn

Ser

Glu

140

Thr

Pro

Gly

Pro

Ile
220

Asn

Val

Leu

Thr

445

Phe

Ile

Ala

Ala

Ala
525

Ser

Glu

Lys

45

Gln

Asp

Lys

Tyr

Glu

125

Gly

Ala

Ile

Phe

Tyr
205

Leu

Asp

His

Lys

430

Arg

Ile

Asn

Val

Lys

510

Val

Val

Leu

30

Asp

Lys

Ile

Glu

Arg

110

His

Lys

Gly

Asp

Ser
190
Ile

Gly

Glu

Val

415

Asn

Asn

Asp

Ile

Ile

495

Leu

Asp

Gly

His

Ala

Ile

Val

Phe

95

Arg

Leu

Ser

Leu

Ala

175

Pro

Gly

Asn

Met

Ser

Ala

Met

Ile

Glu

480

Asn

Leu

Leu

Gln

Val

Val

Ile

Phe

80

Val

Glu

Ser

Lys

Val

160

Leu

Gly

Gly

Leu

Lys
240



147

US 9,080,188 B2

-continued

148

Cys
Arg
305

Ser

Ile

Ser

Ile

Lys

His

290

Pro

Val

Leu

Ala

Ala

Ser

Lys

275

Ser

Gln

Gly

Ser

Glu
355

Gln

Phe

260

Val

Ala

Pro

Arg

His

340

Ile

Cys

245

Arg

Leu

Pro

Arg

Ile

325

Asn

Leu

<210> SEQ ID NO 14

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met

1

Gly

Lys

Ala

Ile

65

Phe

Arg

Leu

Pro

145

Leu

Ala

Pro

Gly

Pro
225

Ile

Ala

Gln

Val

Val

50

Ile

Phe

Met

Glu

Asp

130

Arg

Val

Leu

Gly

Gly

210

Leu

Lys

Gly

Arg

Leu

35

Asn

Val

Ser

Glu

Gln

115

Ile

Pro

Ala

Thr

Val
195
Glu

Ala

Val

Lys

Phe

20

Gly

Trp

Ser

Gly

Ala

100

Asp

Val

Gly

Pro

Thr

180

Pro

Glu

Glu

Ser

365

Saccharomyces cerevisiae

14

Lys

Ile

Ala

Lys

Glu

Leu

85

Gly

Val

Ala

Phe

Leu

165

Thr

Gly

Asp

Asp

Ala

Asn

Phe

Ser

Lys

Leu

310

Arg

Thr

Lys

Ile

Leu

Ser

Gln

Cys

70

Asp

Ile

Pro

Gln

Ile

150

Lys

Thr

Ile

Lys

Lys

230

Gln

Arg

Ala

Glu

Gln

295

Asp

Glu

Ile

Ala

Ala

Leu

Ser

Thr

55

Lys

Ala

Ala

Leu

Lys

135

Ile

Pro

Leu

Asp

Met
215

Thr

Cys

Val

Lys

Tyr

280

Thr

Arg

Asp

Ile

Lys
360

Gly

Leu

Arg

40

Asp

Ser

Asp

Ile

Ile

120

Leu

Cys

Leu

Gln

Ile
200
Glu

His

Asn

Ala

His

265

Val

Ile

Asn

Ala

Gly

345

Asp

Val

Ala

Ser

Leu

Glu

Tyr

Val

105

Val

Asp

Ile

Ile

Ala

185

Leu

Trp

Val

Arg

Val

250

Pro

Cys

His

Arg

Val

330

Ala

Met

Leu

10

Asn

Ala

Leu

Phe

Ala

Ser

Pro

Thr

Ser

Glu

170

Ile

Asp

Glu

Lys

Val

Ile

Ala

Glu

Val

Asp

315

Leu

Ala

Ile

Gly

His

Gly

Pro

Phe

75

Gly

Asn

Val

Ala

Asn

155

Lys

Ser

Asn

Thr

Leu
235

Ala

Asp

Pro

Ala

Leu

300

Asn

Asp

Gly

Ala

Pro

Lys

Glu

60

Lys

Ala

Ala

Val

Lys

140

Cys

Phe

Gly

Ile

Lys
220

Leu

Val

Gly

Ser

Thr

285

Glu

Gly

Phe

Ala

Thr

His

Lys

45

Ser

Glu

Ile

Lys

Asn

125

Ala

Ser

Gly

Ala

Ile
205
Lys

Thr

Ser

His

Val

270

Lys

Gln

Tyr

Lys

Gly
350

Gly

Phe

30

Tyr

Ala

Cys

Glu

Asn

110

Pro

Gln

Thr

Pro

Gly

190

Pro

Ile

Pro

Asp

Thr

255

Ala

Leu

Gln

Gly

Met

335

Val

Ser

15

Glu

Val

Thr

Asp

Lys

95

Tyr

Glu

Gly

Ala

Ile

175

Phe

Tyr

Leu

Glu

Gly

Glu

Gln

Gly

Asp

Val

320

Val

Leu

Val

Leu

Asp

Asp

Ile

80

Glu

Arg

His

Lys

Gly

160

Asp

Ser

Ile

Ala

Glu
240

His
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-continued

150

Thr

Glu

Leu

Pro

305

Gly

Met

Glu

Gln

Gly

290

Asp

Val

Val

Leu

Cys

Val

275

Cys

Arg

Ser

Val

Ile
355

Ile

260

Lys

His

Pro

Val

Leu

340

Ala

245

Ser Leu

Thr Cys

Ser Ala

Gln Pro

310

Gly Arg
325

Ser His

Glu Ile

<210> SEQ ID NO 15

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met

1

Ser

Asn

Asp

Pro

65

Lys

Tyr

Lys

Asn

Gly

145

Gly

Tyr

Ser

Pro

Leu
225

Ser

Ala

Val

Tyr

50

Thr

Ala

Tyr

Lys

Ser

130

Ala

Asp

Ile

Asp

Arg

210

Ala

Glu

Lys

Phe

Val

35

Gln

Leu

Thr

Pro

Ala

115

Ala

Gly

Lys

Phe

Val
195
Asp

Arg

Ser

Ser

Ile

Tyr

Ser

Gly

Ile

Thr

100

Phe

Val

Leu

Val

Asn

180

Val

Asp

Ile

Leu

359

Picihia
15

Val Asn

Ser Gln

Leu Ala

Val Asp

Leu Asp
70

Leu Val
85

Phe Ile

Ser Ser

Pro Gly

Pro Ile
150

Asp Lys
165

Glu Phe

Lys Val

Leu Asn

Ser Gly

230

Ile Pro
245

Arg Phe Lys
265

Leu Lys Glu
280

Pro Lys Gln
295

Arg Leu Asp

Ile Arg Glu

Asn Thr Ile
345

Leu Leu Ala
360

stipitis

Val Ala Ile

Leu Asn Gly

Lys Thr Ser
40

Leu Ser Ser
55

Glu Leu Leu

Asp Asn Thr

Lys Ala Gly
105

Asp Leu Lys
120

Ala Gly Leu
135

Ile Gly Pro

Ile Glu Gly

Ser Thr Thr
185

Ala Lys Lys
200

Gly Leu Asp
215

Phe Glu Val

Lys Glu Leu

250

Asn

Tyr

Thr

Arg

Asp

330

Ile

Arg

Ile

10

Leu

Ser

Tyr

Lys

Ser

90

Ile

Thr

Val

Leu

Ile

170

Glu

Leu

Val

Glu

Glu
250

Arg

Val

Ile

Asn

315

Pro

Gly

Asn

Gly

Lys

Glu

Lys

Phe

75

Asn

Ser

Trp

Ala

Arg

155

Phe

Lys

Gly

Ala

Ser
235

Gly

Pro

Cys

His

300

Arg

Leu

Ala

Leu

Ser

Thr

Ala

Thr

60

Leu

Ala

Ile

Asn

His

140

Asp

Ser

Ser

Tyr

Arg

220

Pro

Ile

Ala

Asp

285

Val

Asp

Leu

Ala

Ile
365

Gly

Ala

Leu

45

Ser

Gln

Ser

Ala

Glu

125

Glu

Leu

Gly

Asp

Thr
205
Lys

Thr

Glu

Pro

270

Ala

Leu

Ser

Asp

Gly
350

Val

Ile

Tyr

Ala

Gly

Ile

Thr

110

Ile

Ala

Ile

Thr

Val

190

Glu

Val

Ser

Ser

255

Ser

Tyr

Glu

Gly

Phe

335

Ser

Val

15

Lys

Ser

Thr

Ala

Ala

Pro

Phe

Thr

Thr

Leu

175

Lys

Pro

Thr

Phe

Ala
255

Val

Lys

Gln

Tyr

320

Lys

Gly

Gly

Tyr

Ser

Lys

Lys

80

Asp

Asn

Ala

Val

Thr

160

Ser

Phe

Asp

Ile

Pro

240

Ala
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-continued

152

Glu

Lys

Phe
305
Ile

Ala

Ile

Phe

Asp

Asp

290

Asp

Lys

Gly

Ala

Leu

Glu

275

Phe

His

Thr

Ser

Glu
355

Glu

260

Ala

Lys

Pro

Glu

Glu

340

Arg

Lys

Phe

Ala

Phe

Arg

325

Val

Ile

<210> SEQ ID NO 16

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met

1

Gly

Tyr

Asp

Ala

65

Lys

Tyr

Ala

Ala

Thr

145

Gln

Leu

Lys

Pro

Thr
225

Phe

Ala

Ser

Ser

Asn

Phe

50

Ser

Thr

Ile

Thr

Leu

130

Val

Thr

Ser

Phe

Asp

210

Ile

Pro

Asp

Thr

Ala

Leu

35

Ser

Thr

Ser

Ala

Pro

115

Phe

Gly

Gly

Tyr

Ser

195

Pro

Val

Val

Glu

Lys

Phe

20

Val

Pro

Thr

Pro

Gly

100

Asn

Ser

Ala

Asp

Ile

180

Asp

Arg

Gly

Gln

Phe
260

359

Saccharomyces cerevisiae

16

Val

Leu

Leu

Leu

Lys

Lys

85

Phe

Lys

Asn

Gly

Glu

165

Phe

Val

Asp

Arg

Ser
245

Leu

Leu

Ala

Asn

Ser

310

Tyr

Thr

Ala

Val

Asp

Leu

Asn

Thr

70

Pro

Tyr

Lys

Lys

Leu

150

Val

Asn

Val

Asp

Ile
230

Leu

Glu

Pro

Glu

Lys

295

Ala

Pro

Ala

Asn

Asn

Gln

Ala

Val

55

Leu

Val

Thr

Ala

Pro

135

Pro

Glu

Glu

Lys

Leu

215

Ser

Ile

Lys

Asn

Asn

280

Val

Leu

Asn

His

Val

Leu

Glu

40

Gly

Pro

Ile

Lys

Phe

120

Thr

Ile

Lys

Phe

Val

200

Asn

Gly

Pro

Leu

Tyr

265

Lys

Ser

Lys

Pro

Gly
345

Ala

Leu

25

Ala

Ser

Leu

Leu

Phe

105

Ser

Asn

Ile

Ile

Ser

185

Ala

Gly

Val

Lys

Ser
265

Asp

Thr

Val

Gly

Leu

330

Val

Val

10

Ala

Glu

Asp

Asp

Val

90

Val

Ser

Gly

Ser

Glu

170

Thr

Lys

Leu

Glu

Pro
250

Asp

Ala

Leu

Gly

Ser

315

Ile

Leu

Ile

Met

Arg

Trp

Asp

75

Asp

Glu

Asp

Phe

Phe

155

Gly

Ser

Lys

Asp

Val
235

Leu

Tyr

Asp

Arg

Ile

300

Asp

Val

Ala

Gly

Lys

Ser

Lys

60

Leu

Asn

Asn

Leu

Val

140

Leu

Ile

Gln

Leu

Val
220
Glu

Glu

Asp

Ile

Phe

285

Gly

Asn

Gln

Asp

Ala

Ser

Leu

45

Ala

Ile

Thr

Gly

Ala

125

Tyr

Arg

Phe

Ala

Gly

205

Ala

Ser

Ser

Lys

Gln

270

Val

Lys

Val

Gly

Thr
350

Gly

Thr

30

Ile

Ala

Ala

Ser

Ile

110

Thr

His

Glu

Ser

Asn

190

Tyr

Arg

Pro

Val

Asp
270

Lys

Gly

Tyr

Ile

Ala

335

Ile

Val

15

Ile

Ser

Leu

His

Ser

95

Ser

Trp

Glu

Ile

Gly

175

Asp

Thr

Lys

Thr

Lys
255

Leu

Ile

Gln

Pro

Ser

320

Gly

Lys

Val

Thr

Lys

Ala

Leu

80

Ala

Ile

Lys

Ala

Ile

160

Thr

Val

Glu

Val

Ser
240

Ser

Thr



153

US 9,080,188 B2

-continued

154

Gln

Gly

Tyr

305

Ile

Ala

Ile

Leu

Lys

290

Asp

Ser

Gly

Lys

Lys

275

Val

Tyr

Ile

Ala

Ile
355

Lys

Asp

Ser

Lys

Gly

340

Ala

Glu Ala

Val Ala

His Pro
310

Thr Lys
325

Ala Ala

Gln Arg

<210> SEQ ID NO 17

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met

1

Ile

Gln

Tyr

Leu

65

Arg

Ile

Ile

Ser

Asp

145

Tyr

Gln

Lys

Ser

225

Phe

Thr

Gln

Thr

Gly

Ile

His

Thr

Val

Asn

Val

Lys

130

Asn

Asp

Ile

Pro

Ile

210

Ser

Asn

Pro

Pro

Ile

Pro

Lys

35

Val

Ser

Asn

Pro

Gly

115

Thr

Ile

Leu

Leu

Pro

195

Lys

Arg

Leu

Asn

Tyr

Arg

Gly

20

Val

Lys

Asp

Gly

Val

100

Gly

Arg

Ala

Ser

Pro

180

Thr

Cys

Ala

Gln

Asn

260

Arg

353

Ala

Thr

295

Phe

Arg

Val

Leu

Thr

280

Lys

Ala

Tyr

Thr

Pichia stipitis

17

Ser Phe

Phe Asp

Thr Ile

Leu Ser

Lys Asn
70

Met Asp
85

Pro Leu

Ile Val

Leu Met

Ala Ala
150

Pro Glu
165

Lys Pro

Asn Ile

Val Ala

Val Leu
230

Arg Leu
245

Lys Leu

Ser Gly

Glu

Val

Asp

Tyr

55

Leu

Ser

Gly

Leu

Asp

135

Met

Asp

Asp

Gly

Ile

215

Pro

Ala

Ile

Leu

Val

Leu

Ser

40

Glu

Ile

Phe

Arg

Gly

120

Tyr

Leu

Met

Thr

Glu

200

Val

Glu

Ile

Tyr

Ile

Glu

Ser

Ser

Thr

Ala
345

Lys

Gly

25

Ser

Gly

Thr

Pro

Gly

105

Asn

Cys

Gly

Ala

Pro

185

Tyr

Pro

Lys

Leu

Glu
265

Pro

Asn

Val

Leu

Asn

330

Ala

Val

10

Val

Lys

Asp

Gln

Gln

90

Leu

Glu

Leu

Gly

Ala

170

Lys

Leu

Asn

Tyr

Thr
250

Ser

Gly

Lys

Ser

Lys

315

Pro

Gly

Pro

Gly

Asp

Leu

Thr

75

Gly

Gly

Ile

Met

Phe

155

Lys

Glu

Gln

Phe

Asp
235
Asn

Met

Leu

Val

Val

300

Gly

Val

Val

Ala

Leu

Thr

Ala

60

Ala

Thr

Ser

Gly

Ile

140

Val

Asn

Lys

Tyr

Glu

220

Arg

Ala

Lys

Gln

Leu

285

Gly

Ser

Val

Leu

Ser

Gln

Ser

45

Glu

Leu

His

Ser

Glu

125

Glu

Gly

Val

Ile

Asn

205

Val

Gln

Leu

Asp

Lys

Arg

Ile

Asp

Ile

Gly
350

Ser

Leu

30

His

Lys

Tyr

Ile

Ala

110

Phe

Arg

Ser

Pro

Val

190

Trp

Ser

Asp

Thr

Lys
270

Val

Phe

Glu

Asn

Gln

335

Asp

Ala

15

Tyr

Asp

Val

Ile

His

95

Ser

Lys

His

Tyr

Leu

175

Ser

Cys

Thr

Ile

Gln
255

Ile

Leu

Ile

Lys

Val

320

Gly

Val

Asn

Leu

Pro

Pro

Leu

80

Val

Ala

Phe

Pro

Leu

160

Asp

Ser

His

Asp

Val
240
Glu

His

Ala
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US 9,080,188 B2

-continued

156

Gly
305

Ile

Lys

<210>
<211>
<212>
<213>

<400>

Val
290
Ala

Ala

Trp

275

Thr

Gly

Glu

Lys

Pro

Pro

Thr

Leu
340

PRT

SEQUENCE :

Met Val Arg Ala

1

Gly

Leu

Pro

Thr

65

Tyr

Gly

Leu

Arg

145

Ser

Pro

Leu

Gln

Leu

225

Gln

Leu

Asp

Glu

Pro

Asp

Asn

50

Val

Val

His

Ala

Gly

130

His

Phe

Leu

Val

Trp

210

Ser

Asp

Thr

Arg

Ile

Gly

Val

35

Asn

Pro

Leu

Val

Ala

115

Phe

Pro

Leu

Ala

Pro

195

Asn

Thr

Leu

Met

Val
275

Leu

Tyr

20

Thr

Cys

Leu

Arg

Ser

100

Val

Ser

Asp

Arg

Glu

180

Pro

Pro

Ala

Val

Asp
260

His

Ser

Asp

Thr

Val

325

Leu

SEQ ID NO 18
LENGTH:
TYPE :
ORGANISM:

357

Saccharomyces cerevisiae

18

Phe

Asp

Ile

Lys

Arg

Cys

85

Asn

Val

Lys

Asn

Asp

165

Val

Leu

Ala

Asp

Phe

245

Pro

Gln

Cys

Thr
Ile
310

Ile

Glu

Lys

Val

Asp

Leu

Ser

Asn

Pro

Ala

Gln

Ile

150

Leu

Leu

Pro

Ile

Ser

230

Asn

Pro

Pro

Val

His
295
Leu

Gly

Leu

Ile

Leu

Ser

Ser

55

Asp

Asn

Ile

Gly

Arg

135

Thr

Thr

Pro

Pro

Lys

215

Arg

Leu

Asn

Tyr

Thr

280

Pro

Cys

Ile

Ala

Lys

Gly

Ser

40

Tyr

Ala

Ile

Pro

Val

120

Met

Ala

Pro

Glu

Thr

200

Cys

Gly

Gln

Ala

Arg
280

Pro

Gly Leu Cys

Leu

Phe

Tyr
345

Val

Val

25

Gln

Thr

Asn

Arg

Leu

105

Ile

Leu

Ala

Gln

Pro

185

Asp

Ile

Val

Arg

Asp

265

Lys

Ser

Ala
Asn
330

Asp

Pro

10

Gly

Ala

Lys

Leu

Asn

90

Gly

Leu

Asp

Met

Glu

170

Ser

Ile

Ala

Leu

Leu
250
Leu

Thr

Thr

Thr
315
Lys

Gly

Ala

Leu

Gln

Glu

Ile

Phe

Arg

Gly

Tyr

Met

155

Val

Gly

Gly

Ile

Pro

235

Ala

Ile

Leu

Tyr

Gly
300
Gly

Ala

Ala

Ser

Ser

Glu

Ser

60

Thr

Pro

Gly

Asn

Cys

140

Gly

Glu

Gly

Arg

Ile

220

Lys

Val

Tyr

Ile

Pro

285

Ile

Gly

Gly

Thr

Ser

Leu

Thr

45

Glu

Arg

Ser

Leu

Glu

125

Leu

Gly

Arg

Glu

His

205

Pro

Ala

Leu

Pro

Pro
285

Gly

Cys

Tyr

Val

Val
350

Ala

Phe

30

Asn

Gly

Thr

Gly

Gly

110

Val

Met

Phe

Arg

Asp

190

Val

Gln

Tyr

Thr

Ala
270

Gly

Leu

Leu

Asp

Glu

335

Glu

Asn

15

Leu

Asp

Tyr

Ala

Thr

95

Ser

Ala

Ile

Cys

Glu

175

Thr

Lys

Phe

Pro

Thr

255

Met

Leu

Leu

Ser
Ala
320

Cys

Ile

Ile

Glu

Asp

Ser

Leu

80

Lys

Ser

Gln

Glu

Gly

160

Ile

Gly

Tyr

Glu

Thr

240

Ala

Gln

Thr

Gly
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US 9,080,188 B2

-continued

158

Ile
305

Asn

Gly

290

Cys

Phe

Ile

Val

Leu

Glu

Lys

Glu
355

Ser

Glu

Cys

340

Gln

295

Gly Ala Gly Pro

310

Ile Ser Gln

325

Ser Trp Lys

Gln

<210> SEQ ID NO 19

<211> LENGTH:

<212> TYPE:
<213> ORGANISM:

PRT

<400> SEQUENCE:

Met
1
Ala

Leu

Glu

Ser

Ala

Gln

145

Arg

Ile

Asn

Glu

225

Ala

Arg

Leu

Ala

Ala

Ser

Ser

Val

50

His

Gln

Arg

Ala

Leu

130

Leu

Thr

Lys

Arg

Val

210

Leu

Asp

Gly

His

Gly
290

Ile

Ser

Leu

35

Glu

Leu

Val

Gly

Asn

115

Ser

Gly

Glu

Ala

Arg

195

Ser

Leu

Val

Tyr

Thr

275

Leu

Glu

Ala

20

Tyr

Val

Val

Pro

Leu

100

Gly

Ser

Asn

Pro

Thr

180

Val

Arg

Trp

Leu

Ala
260

Glu

Arg

308

Glu

Leu

Corynebacterium

19

Leu

Asn

Asp

Phe

Val

Gly

85

Gly

Leu

Ala

Ala

Gln

165

Ala

Leu

Cys

Glu

Pro
245
Ala

Pro

Val

Pro

Leu

Thr

Gly

Lys

70

Leu

Ser

Ala

Phe

Val

150

Phe

Leu

Pro

Ala

Gly

230

Val

Tyr

Val

Leu

Val

Gly

Val

Glu

55

Ala

Arg

Ser

Gly

Glu

135

Val

Lys

Val

Ser

Val

215

Thr

Thr

Leu

Asp

Ser
295

Gly

Pro

Glu

40

Gly

Ile

Val

Ala

Phe

120

Gly

Ser

Ala

Pro

Asp

200

Met

Arg

Ala

Ser

Glu
280

Leu

Thr

Ile

Leu
345

Ile

Ile
330

Glu

Leu
315

Asn

Pro

glutamicum

Lys

Gly

25

Val

Gln

Arg

Val

Ala

105

Pro

His

Trp

Val

Asp

185

Val

Thr

Asp

Glu

Gly
265

Ala

Asp

Lys

10

Phe

Glu

Gly

Ala

Cys

90

Ala

Leu

Pro

Thr

Thr

170

Phe

Thr

Val

Arg

Trp

250

Ala

Val

Val

Val

Asp

Val

Glu

Gly

His

Ala

Asp

Asp

Glu

155

Ile

His

His

Ala

Leu

235

Val

Gly

Leu

Ala

300

Ala Leu

Arg Phe

Ala Tyr

Thr Val

Thr Leu

Thr Asp
45

Leu Pro
60

Leu Lys

Asn Asn

Val Ala

Asp Ala
125

Asn Ala
140

Ile Pro

Asn Val

Ala Ser

Leu Asp
205

Leu Gln
220

His Gln

Asn Arg

Pro Thr

Asn Asp

285

Asp Ala
300

Ala

Ala

Asp
350

Thr

Gly

30

His

Leu

Ala

Ile

Gly

110

Arg

Ala

Val

Asp

Thr

190

Ala

His

Pro

Leu

Ile
270

Ala

Val

Thr
Lys
335

Gly

Val

15

Leu

Gly

Asp

Ala

Pro

95

Val

Val

Ala

Asp

Ser

175

Glu

Arg

His

Tyr

Arg

255

Met

Arg

Ser

Glu
320

Asn

Ala

Pro

Ala

Leu

Gly

Asp

Gln

Ala

Val

Ser

Gly

160

Arg

Ala

Phe

Pro

Arg

240

Asn

Val

Glu

Val



US 9,080,188 B2
159 160

-continued

Lys Val Asp Ala
305

<210> SEQ ID NO 20

<211> LENGTH: 511

<212> TYPE: PRT

<213> ORGANISM: Picihia stipitis

<400> SEQUENCE: 20

Met Ser Gln Lys Tyr Arg Ser Ser Arg Ser Ala Glu Pro Gln Ala Leu
1 5 10 15

Ser Phe Glu Asp Val Val Met Thr Gly Leu Ala Asn Asp Gly Gly Leu
20 25 30

Phe Leu Pro Ser Gln Val Pro Gln Leu Pro Ala Ser Phe Leu Gln Asp
35 40 45

Trp Ala Asp Leu Ser Phe Gln Glu Leu Ala Phe Asn Val Leu Arg Leu
50 55 60

Tyr Ile Asn Ala Ala Glu Ile Pro Asp Gln Asp Leu Arg Asp Leu Ile
65 70 75 80

Ser Lys Ser Tyr Ser Thr Phe Arg Ser Glu Glu Val Thr Pro Leu Lys
85 90 95

Lys Ile Asp Asp Lys Leu Tyr Leu Leu Glu Leu Phe His Gly Pro Thr
100 105 110

Tyr Ala Phe Lys Asp Val Ala Leu Gln Phe Val Gly Asn Leu Phe Glu
115 120 125

Tyr Phe Leu Thr Arg Arg Asn Ala Lys Lys Val Glu Gly Glu Ala Arg
130 135 140

Asp Val Ile Thr Val Val Gly Ala Thr Ser Gly Asp Thr Gly Ser Ala
145 150 155 160

Ala Ile Tyr Gly Leu Arg Gly Lys Lys Asp Val Ser Val Phe Ile Leu
165 170 175

Tyr Pro Thr Gly Arg Ile Ser Pro Ile Gln Glu Glu Gln Met Thr Thr
180 185 190

Val Glu Asp Ala Asn Val His Thr Leu Ser Val Asn Gly Thr Phe Asp
195 200 205

Asp Cys Gln Asp Ile Val Lys Ser Ile Phe Gly Asp Arg Glu Phe Asn
210 215 220

Asp Lys Tyr His Val Gly Ala Val Asn Ser Ile Asn Trp Ala Arg Ile
225 230 235 240

Leu Ala Gln Gln Thr Tyr Tyr Phe Tyr Ser Tyr Phe Gln Leu Gln Lys
245 250 255

Lys Leu Asn Asp Thr Ser Ala Lys Val Arg Phe Val Val Pro Ser Gly
260 265 270

Asn Phe Gly Asp Ile Leu Ala Gly Tyr Tyr Ala Tyr Lys Met Gly Leu
275 280 285

Pro Val Asp Lys Leu Ile Ile Ala Thr Asn Glu Asn Asp Ile Leu Asp
290 295 300

Arg Phe Met Lys Thr Gly Arg Tyr Glu Lys Lys Ala Glu Lys Asp Ala
305 310 315 320

Ser Ala Ala Val Lys Ala Thr Phe Ser Pro Ala Met Asp Ile Leu Ile
325 330 335

Ser Ser Asn Phe Glu Arg Leu Leu Trp Tyr Leu Ile Arg Asp Ser Val
340 345 350

Ala Asn Gly Ser Asp Glu Val Ala Gly Lys Thr Leu Asn Ser Trp Met
355 360 365



161

US 9,080,188 B2

-continued

162

Gln
Ala
385

Thr

Ile

Thr

Ser

465

Lys

Ser

<210>
<211>
<212>
<213>

<400>

Gln

370

Gly

Val

Leu

Lys

Ala

450

Ile

Ala

Ile

Leu

Ala

Ala

Asp

Lys

435

His

Ala

Leu

Glu

Lys

Arg

Thr

Pro

420

Asp

Pro

Gly

Ser

Lys

500

PRT

SEQUENCE :

Met Pro Asn Ala

1

Lys

Gly

Leu

Ile

Lys

Thr

Leu

Gln

Asn

145

Ser

Asp

Gln

Ser

Phe

Thr

Gly

Phe

50

Met

Asp

Pro

Glu

Phe

130

Leu

Gly

Val

Glu

Val
210

Gly

Ile

Leu

35

Asn

Arg

Leu

Leu

Leu

115

Val

Pro

Asp

Ser

Glu

195

Thr

Asp

Ser

20

Phe

Asp

Leu

Ile

Val

100

Phe

Gly

Glu

Thr

Val
180
Gln

Gly

Lys

Glu

Ser

Ile

405

His

Asp

Ala

Tyr

Thr

485

Val

SEQ ID NO 21
LENGTH:
TYPE :
ORGANISM: Saccharomyces cerevisiae

514

21

Ser

Phe

Ile

Trp

Tyr

Lys

85

Gln

His

Asn

Gly

Gly

165

Phe

Met

Thr

Glu

Thr

Ile

390

Lys

Ser

Lys

Lys

Ser

470

Lys

Lys

Gln

Glu

Pro

Ser

Ile

Arg

Asn

Gly

Leu

Glu

150

Ser

Ile

Thr

Phe

Phe

Gly

375

Phe

Glu

Ser

Lys

Phe

455

Phe

Arg

Asp

Val

Glu

Pro

Lys

55

Ala

Ser

Val

Pro

Phe

135

Lys

Ala

Leu

Thr

Asp
215

Asn

Ser

Asp

Val

Val

Asp

440

Ser

Glu

Lys

Ala

Tyr

Ala

Thr

40

Leu

Gln

Tyr

Thr

Thr

120

Glu

Lys

Ala

Tyr

Val
200

Asn

Ser

Val

Ser

Tyr

Gly

425

Asn

Glu

Lys

Arg

Ile
505

Arg

Ile

25

Ile

Ser

Glu

Ser

Gly

105

Tyr

Tyr

Gln

Ile

Pro
185
Pro

Cys

Lys

Val

Glu

Ser

410

Val

Ile

Val

Asp

Ile

490

Lys

Ser

10

Ile

Pro

Phe

Glu

Thr

90

Asp

Ala

Phe

Ile

Tyr

170

Thr

Asp

Gln

His

Ala

Arg

395

Ala

Thr

Lys

Val

Val

475

Asn

Lys

Thr

Gln

Gln

Gln

Ile

Phe

Lys

Phe

Leu

Thr

155

Gly

Gly

Glu

Asp

Asn

Asp

380

Val

His

Thr

Tyr

Asn

460

Leu

Leu

Glu

Arg

Gly

Val

Asp

60

Pro

Arg

Glu

Lys

Gln

140

Val

Leu

Arg

Asn

Ile
220

Val

Pro

Asp

Pro

Ser

Ile

445

Lys

Pro

Ile

Leu

Ser

Leu

Asp

45

Leu

Asp

Ser

Asn

Asp

125

Arg

Val

Arg

Ile

Val
205

Val

Gly

Glu

Asp

Glu

Tyr

430

Ser

Ala

Ala

Asp

Asn
510

Ser

Ala

30

Gln

Ala

Ala

Asp

Leu

110

Val

Thr

Gly

Gly

Ser
190
Gln

Lys

Ala

Val

Ala

Ser

415

Arg

Leu

Leu

Glu

Glu

495

Phe

Ser

15

Thr

Ala

Phe

Asp

Glu

95

His

Ala

Asn

Ala

Lys

175

Pro

Thr

Ala

Val

Leu

Glu

400

Tyr

Phe

Ser

Asp

Leu

480

Ala

Pro

Asp

Thr

Ala

Leu

80

Val

Ile

Leu

Ala

Thr

160

Lys

Ile

Leu

Ile

Asn
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US 9,080,188 B2

-continued

164

225

Ser

Ser

Lys

Asn

305

Asp

Ser

Asn

Glu

Gly

385

Ser

Tyr

Leu

Thr

Gly

465

Lys

Asp

Lys

Ile

Phe

Val

Lys

290

Asp

Lys

Asn

Gly

Leu

370

Ala

Glu

Ile

Ile

Ala

450

Phe

Lys

Val

Leu

Asn

Phe

Pro

275

Met

Ile

Val

Phe

Asp

355

Lys

Ser

Thr

Leu

Ala

435

His

Ser

Leu

Glu

Trp

Gln

260

Ser

Gly

Leu

Ala

Glu

340

Asp

Thr

Lys

Ile

Asp

420

Lys

Pro

Asn

Ser

Leu
500

Ala

245

Ala

Gly

Leu

Asp

Ala

325

Arg

Leu

Asn

Asp

Lys

405

Pro

Asp

Ala

Tyr

Thr

485

Val

<210> SEQ ID NO 22

<211> LENGTH:

<212> TYPE:
<213> ORGANISM: Picihia

PRT

<400> SEQUENCE:

Met
1

Asp

Leu

Thr

Lys

65

Tyr

Phe

Ala

Thr

His

50

Arg

Asn

Phe

Asp

Ser

35

Ala

Glu

Met

Ser

Phe

20

Arg

Ile

Asp

Ile

539

22

Arg

Asn

Val

Asn

Leu

Ser

230

Arg

Thr

Asn

Pro

Arg

310

Thr

Leu

Lys

Gly

Phe

390

Lys

His

Asn

Lys

Ser

470

Leu

Lys

Ser

Glu

Tyr

Leu

Leu

70

His

Ile Leu Ala
Asn Gly Lys
265

Phe Gly Asp
280

Ile Glu Lys
295

Phe Leu Lys

Leu Ser Pro

Leu Trp Tyr

345

Ala Gly Glu
360

Lys Phe Gln
375

Thr Ser Glu

Ile Tyr Glu

Thr Ala Val
425

Asp Lys Ser
440

Phe Ala Asp
455

Phe Glu Lys

Lys Lys Lys

Asn Ala Ile
505

stipitis

Gly Glu Val
Asp Gly Asp
25

Asp Val Val
40

Ser His Lys
55

Pro Val Phe

Leu His Ser

Gln

250

Asp

Ile

Leu

Ser

Ala

330

Leu

Ile

Val

Arg

Ser

410

Gly

Ile

Ala

Asp

Leu

490

Glu

Glu

10

Pro

Glu

Cys

Ser

Asn

235

Met

Ser

Leu

Ala

Gly

315

Met

Ala

Val

Asp

Val

395

Ser

Val

Gln

Val

Val

475

Lys

Glu

Lys

Asp

Arg

Asn

Phe

75

Ser

Thr

Lys

Ala

Ile

300

Leu

Asp

Arg

Asn

Lys

380

Ser

Val

Cys

Tyr

Asn

460

Leu

Phe

Glu

Phe

Tyr

Ala

Ser

60

Lys

Lys

Tyr

Lys

Gly

285

Ala

Tyr

Ile

Glu

Asn

365

Ser

Asn

Asn

Ala

Ile

445

Asn

Pro

Ile

Leu

Pro

Ile

Gly

45

Asn

Leu

Met

Tyr

Val

270

Tyr

Thr

Glu

Leu

Tyr

350

Trp

Ile

Glu

Pro

Thr

430

Ser

Ala

Glu

Glu

Ala
510

Asn

Lys

30

Thr

Ile

Arg

Pro

Phe

255

Lys

Phe

Asn

Arg

Ile

335

Leu

Phe

Ile

Glu

Lys

415

Glu

Leu

Leu

Glu

Arg

495

Lys

Leu

15

Leu

Pro

Tyr

Gly

Leu

240

Tyr

Phe

Ala

Glu

Ser

320

Ser

Ala

Gln

Glu

Thr

400

His

Arg

Ser

Ser

Leu

480

Ala

Met

Leu

Ile

Leu

Leu

Ala

80

Ser
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-continued

166

Gly

Ser

Thr

145

Leu

Tyr

Leu

Gly

225

Ser

Ala

Cys

Cys

Pro

305

Asn

Gly

Lys

Ile
385

Glu

Asp

Ser

Glu

465

Trp

Lys

Val

Ala

Pro

130

Leu

Ser

Val

Arg

Leu

210

Lys

Leu

Asp

Glu

Ala

290

Ser

Pro

Ala

Leu

Pro

370

Thr

Ser

Asp

Asn

Ser

450

Lys

Asn

Val

Ile

Asn

115

Ser

Tyr

Ser

Ile

Leu

195

Ile

Ile

Lys

Gly

Asn

275

Ala

Gly

Asp

Asn

Gly

355

Gly

Glu

Phe

Met

Glu

435

Glu

Pro

Ile

Leu

Ala

100

Arg

Ile

Gly

Leu

Ala

180

Asp

Ala

Ile

Ala

Thr

260

Leu

Ile

Ala

Ile

Met

340

Glu

Glu

Phe

Asn

Asn

420

Leu

Glu

Gly

Thr

Cys
500

85

Cys

Leu

Lys

Asp

Asn

165

Gly

Lys

Gly

Gly

Lys

245

Ala

Val

Lys

Leu

Asp

325

Asn

Gly

Phe

Ser

Val

405

Asn

Ala

Val

Ala

Leu
485

Gly

Ser

Lys

Tyr

Asp

150

Asn

Gln

Leu

Val

Val

230

Lys

Val

Asp

Asp

Ser

310

His

Phe

Lys

Ala

Tyr

390

Ile

Asn

Lys

Ala

Leu
470

Phe

Phe

Ala

Ile

Thr

135

Phe

Leu

Gly

Asn

Ala

215

Glu

Leu

Lys

Glu

Ile

295

Val

Arg

Asp

Glu

Lys

375

Arg

Asp

Glu

Thr

Asn
455
Phe

His

Thr

Gly

Pro

120

Asn

Asp

Thr

Thr

Ala

200

Val

Thr

Val

Val

Val

280

Phe

Ala

Asn

Arg

Val

360

Leu

Cys

Lys

His

His

440

Glu

Asn

Tyr

Leu

Asn

105

Ser

Val

Ser

Asp

Ile

185

Leu

Tyr

Asn

Val

Leu

265

Val

Glu

Gly

Lys

Leu

345

Ser

Gln

Asn

Lys

Gly

425

Gly

Arg

Phe

His

Pro
505

90

His

Thr

Ser

Ala

Val

170

Ala

Phe

Leu

Asp

Leu

250

Gly

Lys

Asp

Leu

Phe

330

Arg

Leu

Ser

Gly

Lys

410

Tyr

Cys

Leu

Leu

Asn
490

Glu

Ala

Ile

Arg

Lys

155

Pro

Leu

Val

Lys

Ala

235

Asp

Lys

Val

Thr

Lys

315

Tyr

Phe

Val

Ile

Ala

395

Glu

Glu

Tyr

Tyr

Gln
475

His

Gly

Gln

Val

Leu

140

Gln

Pro

Glu

Pro

Lys

220

Asp

Gln

Glu

Ser

Arg

300

Lys

Val

Val

Val

Ile

380

Asp

Leu

Val

Leu

Ser
460
Ala

Gly

Thr

Gly

Met

125

Gly

Glu

Phe

Ile

Val

205

Ile

Ala

Val

Thr

Thr

285

Leu

Tyr

Pro

Ser

Thr

365

Asn

Ala

Thr

Val

Val

445

Phe

Leu

His

Asp

Val

110

Pro

Ser

Cys

Asp

Thr

190

Gly

Ala

Leu

Gly

Trp

270

Asp

Ile

Ile

Ile

Glu

350

Ile

Pro

Asn

Pro

Asp

430

Gly

Glu

Lys

Asp

Asp
510

95

Ala

Thr

Gln

Ala

His

175

Arg

Gly

Pro

Tyr

Met

255

Arg

Glu

Thr

Glu

Leu

335

Arg

Pro

Arg

Ile

Ile

415

Ile

Gly

Phe

Ala

Ile
495

Ala

Tyr

Ala

Val

Arg

160

Pro

Gln

Gly

His

Gln

240

Phe

Leu

Leu

Glu

Gln

320

Ser

Ala

Glu

Ala

Phe

400

Ile

Ser

Lys

Pro

Asp
480

Gly

Asp



167

US 9,080,188 B2

-continued

168

Phe Gln Ser Phe Leu Asn Glu Leu
515 520

Asp Asn Val Val Tyr Lys Lys Phe
530 535

<210> SEQ ID NO 23

<211> LENGTH: 529

<212> TYPE: PRT

<213> ORGANISM: Pichia stipitis

<400> SEQUENCE: 23

Met Phe Pro Asn Leu Leu Asp Ala
1 5

Asp Tyr Ile Lys Leu Ile Leu Thr
20

Arg Ala Gly Thr Pro Leu Thr His
35 40

Asn Ser Asn Ile Tyr Leu Lys Arg
50 55

Phe Lys Leu Arg Gly Ala Tyr Asn
65 70

Ser Lys Met Pro Leu Ser Gly Val
85

Ala Gln Gly Val Ala Tyr Ser Ala
100

Ile Val Met Pro Thr Ala Thr Pro
115 120

Arg Leu Gly Ser Gln Val Val Leu
130 135

Lys Gln Glu Cys Ala Arg Leu Ser
145 150

Pro Pro Phe Asp His Pro Tyr Val
165

Leu Glu Ile Thr Arg Gln Leu Arg
180

Val Pro Val Gly Gly Gly Gly Leu
195 200

Lys Lys Ile Ala Pro His Val Lys
210 215

Ala Asp Ala Leu Tyr Gln Ser Leu
225 230

Asp Gln Val Gly Met Phe Ala Asp
245

Lys Glu Thr Trp Arg Leu Cys Glu
260

Val Ser Thr Asp Glu Leu Cys Ala
275 280

Thr Arg Leu Ile Thr Glu Pro Ser
290 295

Lys Lys Tyr Ile Glu Gln Asn Pro
305 310

Tyr Val Pro Ile Leu Ser Gly Ala
325

Phe Val Ser Glu Arg Ala Val Leu

Gly Tyr Lys Phe Asn Val Glu Asn
525

Leu Arg Ser

Asp Phe Asn Glu Asp Gly Asp Pro
10 15

Ser Arg Val Tyr Asp Val Val Glu
25 30

Ala Ile Asn Leu Ser His Lys Cys
45

Glu Asp Leu Leu Pro Val Phe Ser
60

Met Ile Ser His Leu His Ser Asn
75 80

Ile Ala Cys Ser Ala Gly Asn His
90 95

Asn Arg Leu Lys Ile Pro Ser Thr
105 110

Ser Ile Lys Tyr Thr Asn Val Ser
125

Tyr Gly Asp Asp Phe Asp Ser Ala
140

Ser Leu Asn Asn Leu Thr Asp Val
155 160

Ile Ala Gly Gln Gly Thr Ile Ala
170 175

Leu Asp Lys Leu Asn Ala Leu Phe
185 190

Ile Ala Gly Val Ala Val Tyr Leu
205

Ile Ile Gly Val Glu Thr Asn Asp
220

Lys Ala Lys Lys Leu Val Val Leu
235 240

Gly Thr Ala Val Lys Val Leu Gly
250 255

Asn Leu Val Asp Glu Val Val Lys
265 270

Ala Ile Lys Asp Ile Phe Glu Asp
285

Gly Ala Leu Ser Val Ala Gly Leu
300

Asp Ile Asp His Arg Asn Lys Phe
315 320

Asn Met Asn Phe Asp Arg Leu Arg
330 335

Gly Glu Gly Lys Glu Val Ser Leu
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170

Ile

Ala

385

Glu

Glu

Tyr

Tyr

Gln

465

Gly

Lys

Ser

Val

Ile

370

Asp

Leu

Val

Leu

Ser

450

Ala

Gly

Thr

Phe

Thr

355

Asn

Ala

Thr

Val

Val

435

Phe

Leu

His

Asp

Asn
515

340

Ile

Pro

Asn

Pro

Asp

420

Gly

Glu

Lys

Asp

Asp

500

Val

Pro

Arg

Ile

Ile

405

Ile

Gly

Phe

Ala

Ile

485

Ala

Glu

<210> SEQ ID NO 24

<211> LENGTH:

<212> TYPE:

<213> ORGANISM: Saccharomyces cerevisiae

PRT

<400> SEQUENCE:

Met
1

Glu

Arg

Ile

Leu

Ala

Ala
145

Pro

Leu

Ser

Lys

Leu

Leu

50

Leu

Ser

Lys

Tyr

Ile

130

Lys

Ser

Tyr

Ala

Gln

His

35

Lys

Val

Gln

Arg

Asn

115

Ala

His

Ile

Gly

Thr

Ser

20

Arg

Leu

Leu

Gly

Glu

100

Met

Cys

Leu

Lys

Asn

576

24

Leu

Lys

Gln

Asp

Arg

Val

85

Asp

Ile

Ser

Lys

Tyr

165

Asp

Glu

Ala

Phe

390

Ile

Ser

Lys

Pro

Asp

470

Gly

Asp

Asn

Leu

Val

His

Glu

Ser

Gly

Leu

Ala

Ala

Ile

150

Gln

Phe

Lys

Ile

375

Val

Glu

Asp

Ser

Glu

455

Trp

Lys

Phe

Asp

Lys

Ser

Leu

Leu

55

Ser

Leu

Leu

Lys

Gly

135

Pro

Asn

Asp

Pro

360

Thr

Ser

Asp

Asn

Ser

440

Lys

Asn

Val

Gln

Asn
520

Gln

Gly

Ser

40

Gln

Val

Ser

Pro

Leu

120

Asn

Ala

Val

Glu

345

Gly

Glu

Phe

Met

Glu

425

Glu

Pro

Ile

Leu

Ser

505

Val

Pro

Leu

25

Pro

Thr

Tyr

Ser

Val

105

Asp

His

Thr

Ser

Ala

Glu

Phe

Asn

Asn

410

Leu

Glu

Gly

Thr

Cys

490

Phe

Val

Leu

10

Asn

Ser

Asp

Asp

Arg

90

Phe

Asp

Ala

Ile

Arg
170

Lys

Phe

Ser

Val

395

Asn

Ala

Val

Ala

Leu

475

Gly

Leu

Tyr

Cys

Leu

Leu

Asn

Val

75

Leu

Ser

Ser

Gln

Val

155

Leu

Ala

Ala

Tyr

380

Ile

Asn

Lys

Ala

Leu

460

Phe

Phe

Asn

Lys

Thr

Leu

Ile

Thr

60

Ile

Asn

Phe

Gln

Gly
140
Met

Gly

Glu

Lys

365

Arg

Asp

Glu

Thr

Asn

445

Phe

His

Thr

Glu

Lys
525

Val

Arg

Lys

45

Pro

Asn

Thr

Lys

Arg

125

Val

Pro

Ser

Cys

350

Leu

Cys

Lys

His

His

430

Glu

Asn

Tyr

Leu

Leu

510

Phe

Val

Leu

30

Leu

Asp

Glu

Asn

Leu

110

Asn

Ala

Val

Gln

Ala

Gln

Asn

Lys

Gly

415

Gly

Arg

Phe

His

Pro

495

Gly

Leu

Arg

15

Lys

His

Tyr

Ser

Val

95

Arg

Gln

Phe

Cys

Val
175

Lys

Ser

Gly

Lys

400

Tyr

Cys

Leu

Leu

Asn

480

Glu

Tyr

Arg

Gln

Ala

Ser

Val

Pro

80

Ile

Gly

Gly

Ala

Thr

160

Val

Leu
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-continued

172

Ala

Arg

225

Gly

Ile

Ser

Ala

Ala

305

Cys

Pro

Ser

Ala

385

Asp

Ser

Ser

Asp

Gly

465

Gly

Ile

Gly

Arg
545

Tyr

Glu

Ile

210

Thr

Leu

Lys

Leu

Asp

290

Gln

Ala

Ser

His

Gly

370

Val

Val

Val

Ser

Arg

450

Phe

Arg

Ser

Gly

Gly

530

Glu

His

Glu

195

Ala

Ala

Ile

Ile

Gln

275

Gly

Gln

Ala

Gly

Pro

355

Ala

Leu

Pro

Thr

Glu

435

Glu

Glu

Tyr

Phe

Leu

515

Ala

Asn

Asp

180

Arg

Gly

Asn

Ala

Ile

260

Arg

Thr

Val

Val

Ala

340

Glu

Asn

Gly

Gly

Glu

420

Val

Lys

Ala

Leu

Glu

500

Ser

Asp

Leu

Glu

Gly

Gln

Lys

Gly

245

Gly

Asn

Ser

Val

Lys

325

Leu

Ile

Met

Glu

Ala

405

Phe

Pro

Glu

Val

Val

485

Phe

Asp

Ile

Thr

Thr
565

<210> SEQ ID NO 25

<211> LENGTH:

<212> TYPE:

<213> ORGANISM: Saccharomyces cerevisiae

PRT

576

Leu

Gly

Ile

230

Ile

Val

Gln

Val

Asp

310

Asp

Ser

Asp

Asn

Gly

390

Phe

Ser

Lys

Ile

Asp

470

Gly

Pro

Ser

Gly

Phe
550

Asp

Thr

Thr

215

Gly

Gly

Glu

Arg

Arg

295

Glu

Ile

Val

His

Phe

375

Lys

Lys

Tyr

Ala

Lys

455

Ile

Gly

Glu

Trp

Lys

535

Gln

Asn

Asn

200

Val

Ala

Ala

Thr

Thr

280

Met

Val

Phe

Ala

Thr

360

Asp

Glu

Lys

Arg

Tyr

440

Gln

Ser

Ala

Arg

Asn

520

Val

Lys

Thr

185

Ile

Ala

Val

Tyr

Tyr

265

Pro

Ile

Val

Glu

Gly

345

Lys

Arg

Val

Met

Tyr

425

Ile

Val

Asp

Ser

Pro

505

Leu

Leu

Phe

Val

Pro

Met

Phe

Leu

250

Asp

Leu

Gly

Leu

Asp

330

Met

Asn

Leu

Phe

Gln

410

Asn

Tyr

Met

Asn

Lys

490

Gly

Thr

Ala

Leu

Tyr
570

Pro

Glu

Val

235

Lys

Ala

Pro

Glu

Val

315

Thr

Lys

Thr

Arg

Met

395

Lys

Glu

Thr

Gln

Glu

475

Val

Ala

Leu

Gly

Glu
555

Gln

Phe

Ile

220

Pro

Arg

Ala

Val

Glu

300

Asn

Arg

Lys

Tyr

Phe

380

Leu

Ile

His

Ser

Gln

460

Leu

Pro

Leu

Phe

Ile
540

Asp

Lys

Asp

205

Leu

Val

Val

Thr

Val

285

Thr

Thr

Ser

Tyr

Val

365

Val

Val

Ile

Arg

Phe

445

Leu

Ala

Asn

Thr

His

525

Ser

Leu

Phe

190
His

Arg

Gly

Ala

Leu

270

Gly

Phe

Asp

Ile

Ile

350

Pro

Ser

Thr

His

His

430

Ser

Asn

Lys

Glu

Arg

510

Tyr

Val

Gly

Leu

Pro

Gln

Gly

Pro

255

His

Thr

Arg

Glu

Val

335

Ser

Ile

Glu

Leu

Pro

415

Glu

Val

Ala

Ser

Arg

495

Phe

Arg

Pro

Tyr

Lys
575

Tyr

Val

Gly

240

His

Asn

Phe

Val

Ile

320

Glu

Thr

Leu

Arg

Pro

400

Arg

Ser

Val

Leu

His

480

Ile

Leu

Asn

Pro

Thr
560

Tyr
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174

<400> SEQUENCE:

Met
1

Glu

Arg

65

Ile

Leu

Ala

Ala
145
Pro

Leu

Ala

Arg

225

Gly

Ile

Ser

Ala

Ala

305

Cys

Pro

Ser

Ala
385

Asp

Ser

Lys

Leu

Leu

50

Leu

Ser

Lys

Tyr

Ile

130

Lys

Ser

Tyr

Glu

Ile

210

Thr

Leu

Lys

Leu

Asp

290

Gln

Ala

Ser

His

Gly

370

Val

Val

Ala

Gln

His

35

Lys

Val

Gln

Arg

Asn

115

Ala

His

Ile

Gly

Glu

195

Ala

Ala

Ile

Ile

Gln

275

Gly

Gln

Ala

Gly

Pro
355
Ala

Leu

Pro

Thr

Ser

20

Arg

Leu

Leu

Gly

Glu

100

Met

Cys

Leu

Lys

Asn

180

Arg

Gly

Asn

Ala

Ile

260

Arg

Thr

Val

Val

Ala

340

Glu

Asn

Gly

Gly

Leu

Lys

Gln

Asp

Arg

Val

85

Asp

Ile

Ser

Lys

Tyr

165

Asp

Gly

Gln

Lys

Gly

245

Gly

Asn

Ser

Val

Lys

325

Leu

Ile

Met

Glu

Ala

Leu

Val

His

Glu

Ser

70

Gly

Leu

Ala

Ala

Ile

150

Gln

Phe

Leu

Gly

Ile

230

Ile

Val

Gln

Val

Asp

310

Asp

Ser

Asp

Asn

Gly
390

Phe

Lys

Ser

Leu

Leu

55

Ser

Leu

Leu

Lys

Gly

135

Pro

Asn

Asp

Thr

Thr

215

Gly

Gly

Glu

Arg

Arg

295

Glu

Ile

Val

His

Phe
375

Lys

Lys

Gln

Gly

Ser

40

Gln

Val

Ser

Pro

Leu

120

Asn

Ala

Val

Glu

Asn

200

Val

Ala

Ala

Thr

Thr

280

Met

Val

Phe

Ala

Thr
360
Asp

Glu

Lys

Pro

Leu

25

Pro

Thr

Tyr

Ser

Val

105

Asp

His

Thr

Ser

Ala

185

Ile

Ala

Val

Tyr

Tyr

265

Pro

Ile

Val

Glu

Gly

345

Lys

Arg

Val

Met

Leu

10

Asn

Ser

Asp

Asp

Arg

90

Phe

Asp

Ala

Ile

Arg

170

Lys

Pro

Met

Phe

Leu

250

Asp

Leu

Gly

Leu

Asp

330

Met

Asn

Leu

Phe

Gln

Cys

Leu

Leu

Asn

Val

75

Leu

Ser

Ser

Gln

Val

155

Leu

Ala

Pro

Glu

Val

235

Lys

Ala

Pro

Glu

Val

315

Thr

Lys

Thr

Arg

Met
395

Lys

Thr

Leu

Ile

Thr

60

Ile

Asn

Phe

Gln

Gly

140

Met

Gly

Glu

Phe

Ile

220

Pro

Arg

Ala

Val

Glu

300

Asn

Arg

Lys

Tyr

Phe
380

Leu

Ile

Val

Arg

Lys

45

Pro

Asn

Thr

Lys

Arg

125

Val

Pro

Ser

Cys

Asp

205

Leu

Val

Val

Thr

Val

285

Thr

Thr

Ser

Tyr

Val

365

Val

Val

Ile

Val

Leu

30

Leu

Asp

Glu

Asn

Leu

110

Asn

Ala

Val

Gln

Ala

190

His

Arg

Gly

Ala

Leu

270

Gly

Phe

Asp

Ile

Ile

350

Pro

Ser

Thr

His

Arg

15

Lys

His

Tyr

Ser

Val

95

Arg

Gln

Phe

Cys

Val

175

Lys

Pro

Gln

Gly

Pro

255

His

Thr

Arg

Glu

Val

335

Ser

Ile

Glu

Leu

Pro

Gln

Ala

Ser

Val

Pro

80

Ile

Gly

Gly

Ala

Thr

160

Val

Leu

Tyr

Val

Gly

240

His

Asn

Phe

Val

Ile

320

Glu

Thr

Leu

Arg

Pro
400

Arg
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-continued

176

Ser

Ser

Asp

Gly

465

Gly

Ile

Gly

Arg
545

Tyr

<210>
<211>
<212>
<213>

<400>

Val

Ser

Arg

450

Phe

Cys

Ser

Gly

Gly

530

Glu

His

Thr

Glu

435

Glu

Glu

Tyr

Phe

Leu

515

Ala

Asn

Asp

Glu

420

Val

Lys

Ala

Leu

Glu

500

Ser

Asp

Leu

Glu

PRT

SEQUENCE :

Met Phe Phe Ser

1

Asp

Leu

Thr

Lys

65

Tyr

Gly

Ser

Thr

145

Leu

Tyr

Leu

Ala

Thr

His

50

Arg

Asn

Val

Ala

Pro

130

Leu

Ser

Val

Arg

Asp

Ser

35

Ala

Glu

Met

Ile

Asn

115

Ser

Tyr

Ser

Ile

Leu
195

Phe

20

Arg

Ile

Asp

Ile

Ala

100

Arg

Ile

Gly

Leu

Ala

180

Asp

405

Phe

Pro

Glu

Val

Val

485

Phe

Asp

Ile

Thr

Thr
565

SEQ ID NO 26
LENGTH:
TYPE :
ORGANISM: Pichia stipitis

539

26

Arg

Asn

Val

Asn

Leu

Ser

85

Cys

Leu

Lys

Asp

Asn
165

Gly

Lys

Ser

Lys

Ile

Asp

470

Gly

Pro

Ser

Gly

Phe

550

Asp

Ser

Glu

Tyr

Leu

Leu

70

His

Ser

Lys

Tyr

Asp

150

Asn

Gln

Leu

Tyr

Ala

Lys

455

Ile

Gly

Glu

Trp

Lys

535

Gln

Asn

Gly

Asp

Asp

Ser

55

Pro

Leu

Ala

Ile

Thr

135

Phe

Leu

Gly

Asn

Arg

Tyr

440

Gln

Ser

Ala

Arg

Asn

520

Val

Lys

Thr

Glu

Gly

Val

His

Val

His

Gly

Pro

120

Asn

Asp

Thr

Thr

Ala
200

Tyr

425

Ile

Val

Asp

Ser

Pro

505

Leu

Leu

Phe

Val

Val

Asp

25

Val

Lys

Phe

Ser

Asn

105

Ser

Val

Ser

Asp

Ile

185

Leu

410

Asn

Tyr

Met

Asn

Lys

490

Gly

Thr

Ala

Leu

Tyr
570

Glu

10

Pro

Glu

Cys

Ser

Asn

90

His

Thr

Ser

Ala

Val
170

Ala

Phe

Glu

Thr

Gln

Glu

475

Val

Ala

Leu

Gly

Glu

555

Gln

Lys

Asp

Arg

Asn

Phe

75

Ser

Ala

Ile

Arg

Lys

155

Pro

Leu

Val

His

Ser

Gln

460

Leu

Pro

Leu

Phe

Ile

540

Asp

Lys

Phe

Tyr

Ala

Ser

60

Lys

Lys

Gln

Val

Leu

140

Gln

Pro

Glu

Pro

Arg

Phe

445

Leu

Ala

Asn

Thr

His

525

Ser

Leu

Phe

Pro

Ile

Gly

Asn

Leu

Met

Gly

Met

125

Gly

Glu

Phe

Ile

Val
205

His

430

Ser

Asn

Lys

Glu

Arg

510

Tyr

Val

Gly

Leu

Asn

Lys

30

Thr

Ile

Arg

Pro

Val

110

Pro

Ser

Cys

Asp

Thr

190

Gly

415

Glu

Val

Ala

Ser

Arg

495

Phe

His

Pro

Tyr

Lys
575

Leu

15

Leu

Pro

Tyr

Gly

Leu

95

Ala

Thr

Gln

Ala

His
175

Arg

Gly

Ser

Val

Leu

His

480

Ile

Leu

Asn

Pro

Thr

560

Tyr

Leu

Ile

Leu

Leu

Ala

80

Ser

Tyr

Ala

Val

Arg

160

Pro

Gln

Gly
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-continued

178

Gly

225

Ser

Ala

Cys

Cys

Pro

305

Asn

Gly

Lys

Ile

385

Glu

Asp

Ser

Glu

465

Trp

Lys

Phe

Asp

Leu

210

Lys

Leu

Asp

Glu

Ala

290

Ser

Pro

Ala

Leu

Pro

370

Thr

Ser

Asp

Asn

Ser

450

Lys

Asn

Val

Gln

Asn
530

Ile

Ile

Lys

Gly

Asn

275

Ala

Gly

Asp

Asn

Gly

355

Gly

Glu

Phe

Met

Glu

435

Glu

Pro

Ile

Leu

Ser

515

Val

Ala

Ile

Ala

Thr

260

Leu

Ile

Ala

Ile

Met

340

G